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GENERAL INTRODUCTION 


American Chemical Society’s Series of Chemical Monographs 


By arrangement with the Interallied Conference of Pure and Applied Chemis- 
try, which met in London and Brussels in July, 1919, the American Chemical 
Society was to undertake the production and publication of Scientific and Tech- 
nologic Monographs on chemical subjects. At the same time it was agreed that 
the National Research Council, in cooperation with the American Chemical 
Society and the American Physical Society, should undertake the production 
and publication of Critical Tables of Chemical and Physical Constants. The 
American Chemical Society and the National Research Council mutually agreed 
to care for these two fields of chemical progress. The American Chemical Society 
named as Trustees, to make the necessary arrangements o? the publication of 
the Monographs, Charles L. Parsons, secretary of the Society, Washington, D. 
C.; the late John E. Teeple, then treasurer of the Society, New York; and the 
late Professor Gellert Alleman of Swarthmore College. The Trustees arranged 
for the publication of the ACS Series of (a) Scientifie and (b) Technological 
Monographs by the Chemical Catalog Company, Inc. (Reinhold Publishing 
Corporation, successor) of New York. 

The Council of the American Chemical Society, acting through its Committee 
on National Policy, appointed editors (the present list of whom appears at the 
close of this sketch) to select authors of competent authority in their respective 
fields and to consider critically the manuscripts submitted. 

The first Monograph of the Series appeared in 1921. After twenty-three years 
of experience certain modifications of general policy were indicated. In the be- 
ginning there still remained from the preceding five decades a distinct through 
arbitrary differentiation between so-called “pure science" publications and tech- 
nologic or applied science literature. By 1944 this differentiation was fast becom- 
ing nebulous. Research in private enterprise had grown apace and not a little of 
it was pursued on the frontiers of knowledge. Furthermore, most workers in the 
Sciences were coming to see the artificiality of the separation. The methods of 
both groups of workers are the same. They employ the same instrumentalities, 
and frankly recognize that their objectives are common, namely, the search for 
new knowledge for the service of man. The officers of the Society therefore com- 
bined the two editorial Boards in а single Board of twelve representative mem- 
bers. 

Also in the beginning of the Series, it seemed expedient to construe rather 
broadly the definition of а Monograph. Needs of workers had to be recognized. 
Consequently among hte first hundred Monographs appeared works in the form 
of treatises covering in some instances rather broad areas. Because such neces- 
sary works do not now want for publishers, it is considered advisable to hew more 
strictly to the line of the Monograph character, which means more complete 
and critical treatment of relatively restricted areas, and, where a broader field 
needs coverage, to subdivide it into logical subareas. The prodigious expansion 
of new knowledge makes such a change desirable. 

These Monographs are intended to serve two principal purposes: first, to 
make available to chemists a thorough treatment of a selected area in form usable 
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by persons working in more or less unrelated fields to the end that they may 
correlate their own work with a larger area of physical science discipline; second, 
to stimulate further research in the specific field treated. To implement this pur- 
pose the authors of Monographs are expected to give extended references to the 
literature. Where the literature is of such volume that a complete bibliography 
is impracticable, the authors are expected to append a list of references critically 
selected on the basis of their relative importance and significance. 
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BOARD OF EDITORS 
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C. а. Kine OLIVER Е. SENN 
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Preface to 1971 Reprint 


It is, of course, difficult for one author 
to cover the broad field of explosives. The 
present volume is therefore confined to 
the more important problems in the physi- 
cal chemistry of detonating explosives. It 
emphasizes, perhaps more than would be 
justified in an impartial treatise, topics with 
which the author has concerned himself 
during his first twenty years of research in 
high explosives and draws heavily on the 
results of studies by himself and his asso- 
ciates. 

Chapter 1 attempts, by classifications, 
mention of various points of interest in the 
high-explosives industry, and a presentation 
of a cursory history of developments in the 
black-powder and high-explosives eras, to 
give a rough overview of the field of ex- 

losives. 

In Chapter 2 modern methods in high 
explosives technology are considered, but 
there has been no attempt to be compre- 
hensive. The modern theory of high ex- 
plosives depends on a knowledge of deto- 
nation velocity more than any other single 
factor. Therefore, before undertaking theo- 
retical discussions, a condensation of velo- 
city observations is given in Chapter 3 for 
various types of explosives under various 
conditions of diameter, particle size, charge 
length, etc., all known types of stable, meta- 
stable, and transient velocity observations 
being represented. 

Chapters 4, 5, and 6 present major de- 
velopments in detonation theory, including 
the currently generally accepted thermo- 
hydrodynamic theory, theories concerning 
the equation of state applicable in detona- 
tion, the structure of the detonation reac- 
tion zone, the density-distance, particle 
velocity-distance, and pressure-distance pro- 
files, the theories extant of chemical reac- 
tion rates in detonation, and the laws of 
shock transmission into inert solids. Perti- 
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nent experimental evidences are presented 
in these chapters to provide the basis for 
emphasis of particular theories and de- 
emphasis of others. 

Chapter 7, dealing with ionization, elec- 
trical, magnetic, and electromagnetic radia- 
tion properties of the detonation wave and 
shock waves propagated into surrounding 
media, presents pertinent observations of 
these previously little understood phenom- 
ena. One of the most striking factors dis- 
cussed is the discovery that the ionization 
zone in solids coincides with the reaction 
zone and thus provides an independent 
means of measuring the reaction zone and 
the rate of chemical reactions throughout 
this zone. Another important factor con- 
cerns the measurement of free electrons in 
detonation waves and their influence on 
the propagation of detonation. 

Chapter 8 discusses the initiation of deto- 
nation and includes a summary of the 
monumental work of the British school on 
isothermal and adiabatic decomposition. 
Also described are some studies of the ini- 
tiation of deflagration in propellants by 
detonating gases and the transition from 
explosive deflagration to detonation. 

Chapter 9 is concerned with the influence 
of detonation and high-velocity impact on 
the compressibility, piastic deformation, 
shock heating, and explosion of inert solids 
in and in contact with detonation waves, 
or impacted by ultra-high-velocity particles, 
their interaction with the atmosphere, and 
high-velocity impact. 

Chapter 10 considers shaped charges and 
the laws of jet formation and traget pene- 
tration. 

In Chapter 11 are presented studies of 
the application in commercial borehole 
blasting of the hydrodynamic theory, the 
equation of state derived by the inverse 
method (use of measured velocities) from 
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hydrodynamic theory, and theoretical de- 
velopments of reaction rates in detonation. 
This chapter might be expanded a great 
deal to include more specific information 
on applications, developments of explosives, 
and studies of blasting action in coal min- 
ing, metal mining, quarrying, oil- and gas- 
well shooting, and other applications of 
explosives. Industrial explosives have re- 
cently undergone rapid change, particularly 
as regards large-diameter blasting. Descrip- 
tions of these developments could be 
greatly augmented by publication of the 
valuable know-how of commercial explo- 
sives industries, probably with mutual bene- 
fits to explosives manufacturers and con- 
sumers alike. 

Knowledge of the physical chemistry of 
high explosives depends greatly on the 
ability to compute from first principles the 
products of detonation and from them the 
thermochemistry of explosives. Chapter 12 
outlines special considerations and methods 
in this important application of the thermo- 
hydrodynamic theory. Also presented are 
numerical calculations for many of the more 
important commercial and military explo- 
sives. 

Chapter 13 deals with the formation and 
propagation of  high-explosive-generated 
shock waves in various types of surround- 
ing media, and Chapter 14 discusses avail- 
able information on damage potential and 
long-range propagation of air and ground 
blast waves. It is hoped that these chapters 
will make available some of the needed 
information to deal with the important 
problems of minimizing annoyances to 
neighbors from demolition, quarrying, and 
other blasting operations on the one hand, 
and possibly some alleviation of the large 
number of unfounded damage claims that 
continue to plague the explosives industry. 

In Appendix II are presented detailed 
derivations, methods, and data needed to 
apply the hydrodynamic theory in high- 
explosives technology, and in Appendix III 
are presented some quantum mechanical 
considerations concerning the nature of the 
chemical bond and the influence of bond 
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vibrations on the kinetic-energy fluctuations 
in chemical bonds. The justification for 
including this treatment here is that it is 
not generally available in the form given, 
and it appears to provide a basis for un- 
derstanding many high-explosives phenom- 
ena otherwise apparently inexplicable. For 
example, it seems to elucidate the source 
of ions and free electrons in detonation 
and shock waves at temperatures and pres- 
sures where they are not ordinarily ex- 
pected to form at least in the observed 
amounts, the behavior of solids under high 
pressures and temperatures, thermal ex- 
pansion and compressibility of solids, and 
information regarding the equation of state 
in condensed explosives. 

The author is greatly indebted to various 
service organizations for the opportunity 
afforded for fundamental research on ex- 
plosives at the University of Utah, follow- 
ing nearly ten years of explosives research 
at Eastern Laboratory, E. I. duPont de 
Nemours & Company. 

In 1951 the Office of Naval Research 
(ONR) initiated the Explosives Research 
Group (ERG) which later became the In- 
stitute of Metals and Explosives Research, 
or IMER, with a research program on the 
fundamental principles of detonation phe- 
nomena. The ERG laboratory built at that 
time was ideally situated with a test site at 
Tooele Ordnance Depot, where charges of 
any desired size could be studied with mod- 
ern techniques. Most frequently, explosives 
laboratories are seriously handicapped by 
restrictions as to the size shots that may be 
made, owing to the proximity of residential 
and industrial areas. The support of ERG 
by ONR under basic contract N7-onr-45107, 
and their cooperation in providing equip- 
ment, clearing reports for publication, etc., 
were most gratifying. Much of the infor- 
mation taken from reports and published 
papers of ERG for use in this volume was 
developed under the above ONR project. 
The Bureau of Ordnance also backed ERG 
by actively participating in the ONR pro- 
ject and supporting another significant re- 
search project first through Naval Ordnance 
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Test Station, China Lake, California 
(NOTS), and later directly with ERG 
(contract number NOrd-17371). The sup- 
port and encouragement by BuOrd was 
also most gratifying. NOTS also contributed 
financially to ERG by supporting, among 
others, research contracts N123-60530S-1978 
and 80 on ignition of propellants by deto- 
nating gases, and contract number N123 
(60530)8011A on the transition from de- 
flagration to detonation, some information 
which is included in this volume. In 1955 
the Air Force initiated research contract 
AF-18(603)-100 with ERG for the study, 
among other problems, of the generation of 
high-velocity particles, ultra-high-velocity 
impact, cratering, and ionization, as well 
as electrical, magnetic, and electromagnetic 
phenomena accompanying detonation de- 
velopments. Support of the work by ERG, 
discussed in Chapter 14, regarding air blast 
and ground shock propagation and damage 
potential was from Ordnance Ammunition 
Command, Field Service Division (con- 


tracts DA-04-495-ORD-674 and 905). Spe- 
cial mention and appreciation are due 
authorities of Tooele Ordnance Depot for 
making available through Army Ordnance 
an ideal explosives testing site at TOD and 
for cooperation and encouragement, and 
to Robert W. Van Dolah, Chief, Division 
of Explosives Technology, U.S. Bureau of 
Mines, Pittsburgh, Pa., for reading the 
manuscript of this book and offering a num- 
ber of valuable suggestions and helpful 
criticism. 

The author expresses his great indebted- 
ness to former associates of ERG for their 
loyal and unselfish assistance. Their names 
are given appropriately in the references 
to ERG reports and publications listed in 
the bibliography. Finally, appreciation for 
the devotion, patience, encouragement, and 
cooperation of my wife, Wanda, and our 
sons (3) and daughters (2) is gratefully 
acknowledged. 


MELvIN A. Cook 
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CHAPTER 1 


THE MODERN EXPLOSIVES INDUSTRY 


Classifications and General Characteris- 
tics of Explosives 


An explosive is any substance or device 
which will produce, upon release of its po- 
tential energy, a sudden outburst of gas, 
thereby exerting high pressures on its sur- 
roundings. Three fundamental types com- 
prise the modern military and commercial 
explosives: mechanical, chemical, and 
atomic. Mechanical explosives are the least 
important of these but are still highly useful; 
they are possibly best illustrated by “Саг- 
dox," used in coal mining. It is comprised of 
а heavy reusable shell or tube, equipped with 
а rupture disk, and filled with carbon dioxide. 
Inside the shell is а heating element which, 
when fired, causes the carbon dioxide pres- 
sure to increase until the disk ruptures and 
releases gas from the tube at such pressure as 
to do useful work when properly confined in 
the borehole. 

An example of a mechanical explosion is 
the steam explosion, such as might be caused 
by accidentally dumping & molten slag car 
into a body of water. The greatest steam ex- 
plosion of history was the famous Krakatao 
volcanic explosion of August 27, 1883." It 
was caused by thesudden vaporization of an 
estimated cubic mile of ocean water when a 
volcano ruptured and spilled a great mass of 
molten lava into the ocean. This mighty 
blast came in as a “roar” at Batavia, 96 
miles away, and was said to be audible at а 
distance of 3,000 miles. Air and water shock 
waves circled the earth at least four times, 
and tidal waves were observed on four 
continents. Walls of water about 100 ft 
high hit nearby islands, and the ocean wave 
was said to have been 1 ft high at Capetown, 
5,100 miles away. Although there were no 
large towns closer than Batavia, more than 
36,000 people were killed, most of them by 
tidal waves. At least & cubic mile of rock 


was pulverized and blown into the air to 
heights estimated at up to 40 miles, and 
volcanic and rock dusts were deposited over 
an area the size of Texas, in some places to 
a depth of 100 ft. The vaporization of a 
cubic mile of water alone would require an 
estimated ten times the total energy in all 
the man-made chemical explosives of re- 
corded history. A comparable &mount of 
energy went into hurling more than a cubic 
mile of rock into the air, to say nothing of 
the energy expended in creating the air and 
water shock waves. À good part of the island 
was blown away by the explosion. It is evi- 
dent that this great explosion involved an 
energy possibly equivalent to more than 
10,000 billion pounds (5 million kilotons) 
of TNT. It illustrates dramatically the po- 
tential of the mechanical explosive. 

The chemical explosives of primary con- 
cern in this volume comprise two main 
types: (1) detonating or "high" explosives, 
characterized by very high rates of reaction 
and high pressure, and (2) deflagrating or 
“low” explosives, which burn more slowly 
and develop much lower pressures. The main 
features of these types are compared in Table 
1.1. Detonating explosives are usually sub- 
divided into (a) primary, and (b) secondary 
explosives. The primary high explosives 
(nearly) always detonate by simple ignition 
by such means as spark, flame, impact, and 
other primary heat sources of appropriate 
magnitude. The secondary explosives re- 
quire, at least in practical application, the 
use of a detonator and frequently a booster. 
A detonator contains a primary explosive as 
an essential element; however, it may be 
more complex. This is true particularly of 
military detonators, or fuzes and delay 
blasting caps in which timing, safety, and 
other mechanisms are also built into the 
detonator. A booster is a sensitive secondary 
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TABLE 1.1. CHARACTERISTICS or Нтан AND Low EXPLOSIVES 


High 
Primary by ignition and sec- 


Method of initiation 


Low 
By ignition 


ondary by detonator 


Time of complete conversion of ex- 
plosive to gaseous products 

Velocity of consumption of explosive 
grains 

Velocity of flame front 


Microseconds 
1 to 6 miles/sec 


1 to 6 miles/sec 


Milliseconds 
А few inches to feet рег sec 


1$ to 1 mile/sec 


Pressure of explosion 50,000 to 4,000,000 psi Up to about 50,000 psi 
Rock breakage in borehole blasting 1 to 30 tons/lb 1 to 30 tons/lb 
Exploded in gun Shatters gun Good propellant 
Demolition Excellent to poor Nil 

Uses Demolition, blasting Propellant, blasting 


high explosive which reinforces the detona- 
tion wave from the primary explosive, or 
detonator, and delivers thereby a more 
powerful detonation wave to the main 
(secondary) explosive charge. 

Detonation is & process by which the ex- 
plosive undergoes chemical reaction within a 
peculiar type of shock wave called the det- 
onation wave. This detonation wave propa- 
gates through the explosive, supported and 
reinforced by the ahemical reaction at veloci- 
ties from about 1 to 6 miles per second, de- 
pending on the chemical and physical nature 
of the explosive. In general, except in the 
early stages of detonation of some types, 
detonation waves travel through a column 
of explosive at а constant speed, a fact which 
greatly simplifies the mathematical solution 
of the “hydrodynamic theory," which ap- 
plies to this complicated process. The initia- 
tion of detonation in & primary explosive is 
always preceded, for at least а small fraction 
of & second, by an explosive combustion or 
deflagration. Nearly all combustible gases 
and dusts are explosive when mixed with air 
in certain proportions. Many gaseous and 
dust-air or dust-oxygen explosives are, in 
fact, primary explosives, since they are 
readily detonated in à manner characteristic 
of primary explosives, frequently with ex- 
ceedingly small sources of energy. For this 
reason, combustible gases and dusts are 
extremely dangerous explosion hazards and 
have been responsible for numerous residen- 
tial and industrial accidents and fatalities. 

While the practical application of all 


secondary explosives always requires the use 
of detonators, under many conditions 
secondary explosives will detonate by means 
of flame, impact, friction, and other sources 
of heat. In some cases, however, very large 
masses and heavy confinement, or both, are 
required to cause detonation following simple 
ignition of flame, or heating to thermal de- 
composition. 

Figure 1.1 illustrates the development of 
detonation in а primary explosive initiated 
by а spark, flame, or hot wire. The reaction 
Starts as & slow combustion but quickly 
builds up through the stage of explosive 
deflagration and finally undergoes a sudden 
transition to the detonation reaction, pre- 
ceded, particularly in gaseous explosives, by 
pulsating reactions and shock interactions. 
In some cases this complicated process may 
require only a few hundredths of a milli- 
second to a few milliseconds. In others, the 
preliminary reactions may take somewhat 
longer. In gases the initiation process may 
be readily photographed by high-speed 
cameras utilizing the light produced in the 
propagating flame front. Irrespective of 
the transition period, however, the chain of 
events is apparently always the same in all 
detonation processes. Usually, but not invari- 
ably, when a secondary explosive is detonated 
without a detonator, the rate of build-up of 
the explosive reaction and the transfer to de- 
tonation is much slower. For example, ship- 
loads of ammonium nitrate at Texas City 
(Texas), Brest (France), and the Black Sea 
burned for several hours before exploding. 
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This indicates that probably all secondary 
explosives in sufficiently large quantities can 
eventually detonate following ignition. 

Low or deflagrating explosives are initiated 
by an igniter, by flame, by spark, or by 
similar primary agents. The chief difference 
between these and primary detonating ex- 
plosives is that they usually do not undergo 
the transition from deflagration to detona- 
tion under conditions of normal application. 
Many propellants, however, can be de- 
tonated by suitable means, and some of 
them even detonate, at times, like primary 
explosives; i.e., following simple ignition, 
even propellants have been known to det- 
onate. Normally, low explosives react 
chemically at a rate which increases as the 
pressure increases; conversely, the pressure 
increases as the chemical reaction increases. 
Thus is created a cycle which quickly leads 
to explosion, usually within a fraction of a 
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second. The rate of reaction in the low ex- 
plosives seldom rises higher than a few 
tenths of 1 per cent of that in detonation. 
Furthermore, the peak pressures attained in 
these powders are seldom higher than a 
few per cent of that existing in detonation. 
Even the low explosives react or burn 
rapidly enough, however, so that their 
energy may be fully utilized when they are 
adequately confined or when exploded in 
large quantities. Hence the blasting potential 
of low explosives is comparable to that of 
high explosives of the same chemical-reac- 
tion potential. This applies also to the de- 
structive potential of low explosives in the 
accidental explosion of large quantities; in 
fact, as far as the destructive potential of 
accidental explosions is concerned, it makes 
little difference whether the explosive in- 
volved is a low or a high explosive. 

In many specific applications the pressure 
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Figure 1.1. Explosive deflagration versus detonation and transition from deflagration to detonation. 
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generated by the explosive is a matter of 
great technical importance. For instance, in 
launching shells and projectiles from guns, 
one requires a carefully controlled rate-of- 
pressure development high enough to impart 
high velocity to the projectile but low enough 
that it will not shatter the gun. Only low 
explosives have these requirements, and 
propellants are therefore restricted to the 
low or deflagrating explosives. 


TABLE 1.2. Соммом EXPLOSIVES AND 
INGREDIENTS Usep IN U. 8. 


EXPLOSIVES INDUSTRY 


Military 


Commercial 


Primary High Explosives 


Mercury fulminate 
Lead azide 
Diazodinitrophenol 
Lead styphnate 
Nitromannite 


Mercury fulminate 
Lead azide 
Diazodinitrophenol 
Lead styphnate 
Nitromannite 


Secondary High Explosives 


TNT (trinitrotoluene) 
Tetryl (trinitrophenyl- 
methylnitramine) 
RDX (cyclotrimethyl- 
enetrinitramine) 
PETN (pentaerythri- 
tol tetranitrate) 
Ammonium picrate 
Picric acid 
Ammonium nitrate 
DNT (dinitrotoluene) 
EDNA  (ethylenedia- 
minedinitrate) 


NG (nitroglycerine) 

AN (ammonium ni- 
trate) 

TNT 

DNT 

Nitrostarch 

PETN 

Tetryl 


Low Explosives 


Smokeless powder, ni- 
trocotton 

NG 

Black powder (potas- 
sium nitrate, sulfur, 
charcoal) 

ОМТ (dinitrotoluene 
ingredient) 


Smokeless powder 


Nitrocotton 

NG 

DNT 

Black powder (sodium 
nitrate sulfur, char- 
coal) 


Nonexplosive Ingredients 


Aluminum 

Waxes 
Diphenylamine 
Metal nitrates 
Mononitrotoluene 


Metal nitrates 
Metals (aluminum, 
ferrosilicon) 

Wood pulps, meals, 
other combustibles 
Paraffin, other hydro- 

carbons 
Chalk, diphenylamine, 
wax, sulfur, carbon 


Between the needs for very-low-pressure 
explosives such as propellants and the 
highest-pressure military explosives, there 
exists almost a continuous distribution of 
conditions requiring explosives of all sorts 
of pressure and rate characteristics. Hence 
a great variety of explosives have been 
designed and used in the various fields of 
application of explosives. Fortunately it has 
been possible to attain the necessary blast- 
ing characteristics for the multitudinous 
needs for explosives by means of different 
combinations of ingredients and physical 
conditions (density, granulation) using 
relatively few explosive and chemical in- 
gredients. Table 1.2 lists most of the more 
important chemicals used in the American 
commercial and military fields. 


Magnitude of Commercial and Military 
Explosives Industries 


Commercial explosives are currently in 
use to the extent of nearly 1 billion pounds 
annually in the United States alone. The 
most extensive commercial application of 
explosives is in coal mining, where about 40 


‚рег cent of all commercial explosives pro- 


duced in the United States is used. Table 1.3a 
gives a breakdown of the current distribu- 
tion in various applications for various types 
of explosives. The black-powder production 
is at present less than 3 per cent of the total 
explosives production. (See also Table 1.3b.) 

The largest single shots of commercial 
explosives have been made with “Nitramon” 
where in one shot 1,362,985 lb were used at 
TVA's South Holston, Tennessee, Dam* 
to move about 1,800,000 cu yd of rock.* 
Six shots between September 11, 1947, and 
April 16, 1949, used а total of 3,974,574 lb 
of ‘‘Nitramon.” 

Between January, 1940, and V-J Day, the 
United States manufactured roughly 30 
million tons of military explosives and am- 
munition, reaching an astounding peak 
monthly production of 700,000 tons in July, 

* Since this writing, a two-million-pound charge 


was fired in a “coyote tunnel" shot near Great 
Salt Lake, Utah, in January, 1958. 
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1945, an output about 35 times greater than 
the normal commercial production of 
explosives in the United States.‘ While facili- 
ties for the manufacture of military explo- 
sives in the United States were only suffi- 
cient in 1939 to supply an army of less than 
100,000 men, by March, 1944, 73 new plants 
had been built, covering a total acreage 
larger than the combined areas of New York 
City, Chicago, Philadelphia, and Detroit.” 
The investment cost of this tremendous 
capacity for explosives production was about 
3 billion dollars. Moreover, the cost of the 
ammunition program for the last year of the 
war reached a total of 5 billion dollars. The 
total cost to all countries of World War II 
has been estimated at a staggering 1,400 
billion dollars,’ compared with one-tenth this 
amount in World War I. About 31 million 
persons were killed as a direct result of World 
War II, compared with about 10 million in 
World War I. It might be said, therefore, 
that the world paid, besides the inestimable 
value of human life, about $45,000 for each 
person killed in World War II, compared 
with about $14,000 for each war fatality in 
World War I. 

A comparison of the military and com- 
mercial explosives production in the United 
States since 1912 is given in Figure 1.2. It is 
of interest that the commercial production 
fluctuated between 1912 and 1950 between 
the relatively narrow limits (compared with 
the fluctuation in total explosives produc- 
tion) of 250 and 750 million pounds an- 
nually.! This peculiar stability, which paral- 
lels more the population than the industrial 
trends of the United States since 1912, may 
seem very surprising in view of the extremely 
important position of explosives in our 
tremendously expanding scientific and in- 
dustrial age. The explanation may be that 
great advances in the technology of explo- 
sives have rendered possible their more ef- 
fective and efficient application to fill the 
increasing demands for this type of power 
without having to expand the industry pro- 
portionally. 


TABLE 1.3a. PERCENTAGE OF DISTRIBUTION OF THE 
ТүрЕЗ or INpusTRIAL ExPLosivES IN 1950 
BY CONSUMING INDUSTRY! 


construction 


mining 
mining 
1 mining 
Railway and other 


Black blasting pow- 


der 85.5 6.9] 4.3] 3.3 
Permissibles 99.0] 0.1 0.8 0.10.1 
High explosive (non- 

permissibles) 27.2 22.2| 24.1| 24.1 2.4 

99.5 0.5 
All explosives 41.2| 17.8| 19.6] 19.4 2.0 


TaBLE 1.3. Sates (MILLIONS or POUNDS) OF 
INDUSTRIAL ExPLosivEs (Кюскмт YEARS)* 


сег тох 

Average 

1935-1939! 65.4 | 45.7 | 253.6 | Not available 
1949 20.1 | 91.6 | 505.6 13.9 
1950 | 2.7 | 109.4 | 576.0 13.8 
1951 14.0 | 108.3 | 611.2 20.3 
1952 10.6 | 95.5 | 636.7 21.9 
1953 9.5 | 89.9 | 669.0 22.5 
1954 10.3 | 75.9 | 615.8 17.7 
1955 6.6 | 93.7 | 687.2 19.3 
1956 5.6 | 97.7 | (814.4) | Not available 


* Data kindly supplied by Robert W. Van 
Dolah, Chief, Division of Explosives Technology, 
Bureau of Mines, Pittsburgh, Pa. 


Safety Record Versus Damage Potential 


In the development of the explosives 
industry, several hundred major accidental 
explosions have occurred. In quantity these 
have ranged from a few pounds to 9 million 
pounds. Many of these explosions have been 
tremendously devastating. It is estimated 
that 10,000 to 15,000 persons have been 
killed and perhaps twice this number in- 
jured in all major accidental explosions in- 
volving commercial and military explosives. 
Perhaps a comparable number of casualties 
have resulted from gas and dust explosions 
in coal mines. Severe as these catastrophes 
have been, more casualties resulted from the 
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Commercial Explosives 1912—1951 (inch 
7 About 9 Million Tons. 


6 Military Explosives 1914—9491) 
About 32 Million Tons. 


Millions of Tons 


COMMERCIAL 


RLO WAR I 


э? 06 1920 1924 19 


use of the first atomic bomb against Hiro- 
shima where about 70,000 were killed and 
another 70,000 injured. Moreover, casualties 
have been relatively small compared with 
the (approximately) 1 million fatalities from 
traffic accidents in America alone since the 
turn of the century (see Table 1.4). 


TABLE 1.4. ReLATIVE Hazarps OF Various In- 
DUSTBIES. ('AccipEeNT Facts,’’ 1951, Ер. 
СніСсАСО, Матомль Sarety CouNciL. FRE- 
QuENCY SEVERITY DATA For 1948-1949-1950.) 


Frequency’ Severityt 
All industries 10.35 1.03 
All chemical industry 6.21 0.80 
Fertilizer 15.62 2.33 
Salt 20.78 1.76 
Plastics 3.12 0.63 
Black powder 5.72 2.56 
High explosives 2.91 2.31 
All food industry 13.94 0.91 
All foundries 15.56 1.56 
Lumber 46.95 4.46 
Anthracite coal mining 87.40 9.30 
Bituminous coal mining 31.83 6.89 
All wood products 21.93 1.20 


* Disabling injuries per 1,000,000 man-hours. 
t Days lost per 1,000 man-hours. (A fatal in- 
jury is charged as 6,000 days lost.) 





1932 1936 1940 
Figure 1.2. Explosives production in America, 1912 to 1950. 


1944 1948 


Accidental explosions have provided a 
great deal of information on the damage 
potential of explosives detonating in the 
open (see Chapter 14). For example, Robin- 
son!’ presents tabulations of the major ac- 
cidental explosions prior to 1943, including 
limits of "serious" and “minor damage,” 
casualties, limits of glass breakage, and 
crater size. Moreover, many theoretical and 
experimental studies have been carried out 
to establish the laws of damage for predict- 
ing the results of large accidental (or inten- 
tional) explosions taking place unconfined 
on the earth’s surface. The results of such 
studies are used, e.g., in the regulation of 
building and magazine spacings in the ex- 
plosives industry and in various regulations 
applying to transportation (cf. ‘American 
Tables of Distances’: 3). Of course the 
results of war damage by bombing provide 
even more extensive and reliable means of 
studying the damage potential of air and 
ground blasts from high explosives, and a 
great deal of such information is available 
but has not been published in the open 
literature. The appearance on the scene of 
atomic explosives of kiloton to megaton TNT 
equivalents has provided a means for extend- 
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ing our knowledge of damage potential of 
explosives to extremely large explosions. 
Therefore means are now available to extend 
the studies based on accidental explosions 
and evaluate the laws of damage potential 
more accurately than was possible when the 
“American Tables of Distances" were first 
adopted. Such information showed the 
need for revision in the regulations of build- 
ing spacings for explosive manufacture and 
storage. The “American Tables of Dis- 
tances,” which were recently revised (1955) 
to take into account most recent knowledge,? 
initially followed approximately a cube root 
distance versus charge-size law, in the large- 
size range, i.e., S = SoM"? where S is the 
distance from an explosive of mass M and 
So is a constant (the distance for the same 
blast pressure from a charge of unit mass.) 
While this law holds within the limits of the 
error of observations of damage limits from 
accidental explosions up to about the equiva- 
lent of 100,000 Ib of TNT, from the statis- 
tical viewpoint it does not represent the 
experimental observations as accurately as a 
square root law (S = МУ?) for serious and 
minor damage limits from unconfined blasts. 
Moreover, the square root law appears to 
hold up to the maximum charges for which 
data are available. 

Table 1.5 lists 10 accidental explosives 
described in available literature?:!9 in- 
volving 1 million pounds or more of explo- 


sives. The most striking fact in this tabula- 
tion is that 4 of these 10 greatest explosions 
involved one of the least sensitive of all 
explosives, namely ammonium nitrate (AN). 
The Texas City explosion was actually two 
fertilizer-grade AN explosions, one on the 
steamship Grand Camp and the other the 
following day on the steamship High Flyer. 
The Brest explosion also involved a shipload 
of FGAN. Another more recent explosion 
also involved a shipload of AN in the Black 
Sea. These cases illustrate the hazards in- 
volved whenever the explosive properties of 
even а very insensitive explosive are оуег- 
looked, especially under conditions where 
the charge mass exceeds a certain critical 
value. 

Explosion phenomena cover an almost 
continuous distribution from the smallest 
observed in, e.g., the impact-sensitiveness 
test, where one usually uses about 25 mg of 
charge, to the gigantic supernovae of the 
astronomer (cf. Fig. 1.3). The largest ob- 
served explosions, the supernovae, have 
energies of apparently about 105? ergs corre- 
sponding to the explosion of a star possibly 
30 times larger than the sun. The explosion 
of the earth with & mass defect of 0.1 per 
cent would be classed as an ordinary or 
classical nova and would generate a heat of 
explosion Q of about 10*5 ergs or about 107 
cal. 


TABLE 1.5. TEN LARGEST ACCIDENTAL EXPLOSIONS!’ 





Wi Damage Casualties 
Date Place Milions o Type 
Major Minor Killed Injured 
1950 | South Amboy, N. J. 1.0 Mines, dyna- 1 mi | Several 26 400 
namite mi 
1918 | Morgan, N. J. 1.0 Ammonium 4,800 ft 64 100 
nitrate 
1944 | Hastings, Neb. 1.1 Torpex bombs 10 
1926 | Lake Denmark, N. J. 1.6 TNT 5,600 ft 4 mi 
1944 | Port Chicago, Calif. 4.272 Torpex 4,600 ft 25 mi 300 
1917 | Halifax, N. S. 5.2 TNT, Pic. 9,200 ft 1,800 | 8,000 
acid, NC 
1917 | Steinfeld (see ref. 16) 5.5 Hi. X 10,000 ft 
1947 | Brest, France 6.6 AN 3 mi 10 mi 21 100 
1947 | Texas City, Tex. 7.0(2) | AN 7,000 ft 5 mi 560+| 3,000+ 
1923 | Oppau, Germany 9.0 AN 4 mi 1,100 | 1,500 
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SMALLEST тоюн ШШШ 
@ 1,368,005 LOG. МТААМОЙ С АТ TWS SOUTH HOLSTON, 
тем сам. 


Figure 1.3. Magnitudes of explosion phenomena. 


Cursory History of Developments of Ex- 
plosives 


Three epochal developments stand out in 
the history of explosives: (1) the discovery 
in or prior to the thirteenth century A.D. of 
the low or deflagrating explosive black pow- 
der, an intimate mixture of potassium or 
sodium nitrate, sulfur, and carbon black; 
(2) the monumental inventions in the 1860’s 
of the high-explosive or detonating dyna- 
mites and the blasting cap by the great 
Swedish chemist Alfred B. Nobel; (3) the 
tremendous atomic explosives, the first one 
of which was detonated at Alamogordo, New 
Mexico, in 1945. Between its discovery and 
theinventions of Nobel, black powder served 
the industry evidently as the sole propellant, 
blasting agent, and military explosive, al- 
though it was woefully inadequate as a 
general-purpose explosive. On the other 
hand, in certain respects black powder is 
even yet unexcelled. It is of vital and un- 
matched importance as a fuse and igniter 
agent, and it has very desirable heaving 
action for some types of blasting; i.e., it 
develops a low, sustained pressure which 
renders it a very desirable blasting agent 
where minimum fragmentation is desired. 
Unfortunately, owing to its hot, durable 
flame, black powder is not a permissible ex- 
plosive for coal mining where, aside from its 
hazards in igniting coal gas and dust, it 
would probably be almost the only explo- 
sive that would be used because of its very 
desirable blasting action for coal breaking. 
Because of its high friction, heat, spark and 


flame sensitivity, danger in manufacture, 
and inability to perform satisfactorily in 
many types of hard-rock shooting, black 


: powder has been almost uniformly replaced 


as a general-purpose blasting agent. Perhaps 
the surprising fact is that even at present 
nearly 1 per cent of the commercial produc- 
tion, or 6 million pounds, of black powder 
per year continue to be used. 

Straight Dynamites and CGelatins. 
Nitroglycerine (NG) was discovered in 1846 
by Sobrero, and in the same year Schón- 
bein discovered nitrocellulose. These ex- 
plosives were destined for important roles in 
the explosives industry, the latter in replac- 
ing black powder as a propellant and in the 
great dynamite developments of Nobel 
where it is used in the gelatin dynamites as 
the gelation agent. Mercury fulminate, the 
other explosive that participated in the 
inauguration of the high-explosives era, had 
been discovered much earlier. 

It was the attempts of Nobel to utilize the 
great explosive potential of NG that in- 
augurated the second great era of explosives, 
the high-explosives era. Nobel’s initial at- 
tempt to utilize NG was to mix it with 
black powder (British Patent 2359 (1863)] 
in such a way that the mixture would remain 
dry and granular. The now absolete ''Jud- 
son" powder, an outgrowth of these attempts 
to mix NG and black powder, contained 5 
to 15 per cent NG primarily as a coating for 
granular dope comprising ground coal, 
sodium nitrate, and sulfur. Nobel's next 
patent [British Patent 1813 (1864)] per- 
taining to the manufacture of NG and a 
method of exploding this “blasting oil" by 
heat or by the use of the mercury fulminate 
cap was a most significant one because it 
introduced, together with the first known 
high explosive, the detonator without which 
there would have been no high-explosives 
era. Actually, Nobel was unaware that NG 
is & (secondary) detonating explosive and 
that & detonator is required for the success- 
ful application of such an explosive; his pat- 
ent described exploding it by heat and by 
fire also, as in the case of black powder. It 
was 17 years later that the real nature of the 
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detonation process was discovered inde- 
pendently by Mallard and LeChátelier 
(1881) and Berthelot and Vieille (1882). 
Their discovery pertained, however, to 
gaseous detonations. Another patent crucial 
to the high-explosives era was Nobel’s guhr 
dynamite patent [British Patent 1345 
(1867)] in which Nobel disclosed that NG 
could be absorbed in large percentages by 
kieselguhr and that in this form NG was 
greatly desensitized. This was especially 
important to the now safety-conscious Nobel 
because previously a terrific explosion of 
blasting oil had destroyed his NG plant, 
killed his brother Oscar, and disabled his 
father Emmanuel Nobel, also an inventor. 
The guhr dynamite, first sold under the 
name “Nobel’s Safety Powder,” comprised 
75 per cent NG and 25 per cent kieselguhr. 
While an excellent absorbent, kieselguhr is 
also a negative (or heat-absorbing) in- 
gredient. Although it was never used in 
significant amounts in America, guhr dyna- 
mite is still in use in Europe, according to 
Davis.’ 

Nobel’s next important invention intro- 
duced an “active” dynamite absorbent 
[British Patent 442 (1869)] in place of 
kieselguhr. This invention resulted in the 
straight dynamite series that remain impor- 
tant commercial explosives today. Present 
straight dynamites comprise NG, sodium 

itrate (SN) or potassium nitrate, wood 
pulp, flour and/or other absorptive, com- 
bustible materials, and а stabilizer, e.g., 
Calcium or magnesium carbonate. The grade, 
e.g., 60 per cent, 50 per cent, etc., is deter- 
mined by the per cent NG present, e.g, a 60 
per cent grade contains 60 per cent NG, a 
50 per cent grade 50 per cent NG, etc. The 
SN-combustible combinations (known as 
“dope” or “balanced dope") correspond as 
elosely as possible to the oxygen-balanced 
mixture such that the excess oxygen of SN 
can be utilized completely by the combusti- 
ble. The straight dynamites quickly became 
popular in America, one of them, 40 per cent 
straight dyn&mite, being adopted as the 
standard for strength (as determined in the 


ballistic mortar) by the U. S. Bureau of 
Mines.!? 

Another Nobel invention of far-reaching 
importance was blasting gelatin comprising 
92 to 93 per cent NG and 7 to 8 per cent 
collodion cotton. The latter readily dissolves 
in NG and, in the above percentages, con- 
verts to it a fairly stiff, plastic gelatin which 
is much less sensitive than liquid NG and 
much easier to handle. Moreover, because of 
its plasticity, it is readily loaded at high 
density into & borehole. The gelatin dyna- 
mite series introduced by the Nobel NG- 
gelatin patent [British Patent 4179 (1875)] 
was also destined for ап important role in 
the commercial high-explosives industry 
where even today it is an important series 
of the commercial explosives. The straight 
gelatin dynamiles comprise a series com- 
parable to the straight dynamites except for 
the presence of nitrocellulose for gelation. 
The comparable grade of gelatin, however, 
contains 7 to 10 per cent less NG than the 
corresponding straight dynamites plus 1 to 


.3 per cent nitrocellulose. They might, there- 


fore, be considered somewhat weaker than 
the straight dynamites except for the fact 
that they form a higher-density series, some 
of their strength being made up by the 
favorable influence of high density on 
strength associated with the influence of 
high pressure in reducing the tendency for 
the products, primarily CO; and Н.О, to 
dissociate at the high temperatures of det- 
onation of the straight dynamites and 
gelatin dynamites. 

The three standard explosives of Great 
Britain are blasting gelatin (92/8 NG-col- 
lodion cotton), gelatin dynamite (75/5/5/15 
МС -collodion - woodmeal- potassium ni- 
trate), and gelignite (60/4/8/28 NG-col- 
lodion-woodmeal-potassium nitrate). 

The early high-explosives era was plagued 
with many accidents associated with thawing 
of frozen NG in dynamites. Freezing renders 
dynamites relatively insensitive, and they 
therefore had to be remelted before they 
could be used in blasting operations. Vari- 
ous melting-point depressants for NG were 
studied, some of the most interesting of 
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which were the nitrobodies mono- and di- 
nitrotoluene, etc. Other solutions to the 
problem were made by Kast,’ М who dis- 
covered in 1906 the isomeric forms of NG, 
and in 1911 by Woodbury who disclosed the 
nitration of mixtures of glycerin and sugar 
(U.S. Patent 1,149,487 (1911)]. However, 
the commercial introduction in 1911 of 
nitrated mixtures of glycerin and glycol 
[NG and ethylene glycol dinitrate (EGDN)] 
provided the most satisfactory solution of 
this important problem.4*:!5 Today NG 
comprises largely the NG-EGDN mixture. 
Actually the explosive properties of EGDN 
are almost identical to those of NG, as also 
are those of the low-freezing mixture, the 
only significant difference being the melting 
point. 

AN in Dynamites and Non-NG, High- 
AN Explosives. In 1867 the Swedish chem- 
ists Ohlsson and Norrbein patented an 
explosive called ammoniakkrut® consisting of 
AN either alone or in mixtures with char- 
coal, sawdust, naphthalene, picric acid, NG, 
or nitrobenzene. Thus was introduced the 
most economical source of high-explosive 
energy in the world today, 1. e., AN-combust- 
ible mixtures. Nobel acquired the patent of 
Ohlsson and Norrbein and soon added his 
own invention [British Patent 1570 (1873)] 
consisting of the important series of AN 
explosives which he called "extra дупатиез” 
(or *ammon-gelatin-dynamit"), two exam- 
ples of which are given by Davis,* namely 
(1) 71/4/2/23 NG-collodion cotton-char- 
coal-AN and (2) 25/1/12/62 NG-collodion- 
charcoal-AN. 

The atmosphere of coal mines frequently 
contains methane and coal dust in sufficient 
quantities to render it explosive. Indeed, 
such mixtures may sometimes be exploded 
with very small flames or sparks. Frequent 
coal-mine disasters led, early in the high- 
explosives industry, to the careful regulation 
of the explosives that could be permitted 
for use in coal mining. Explosives allowed 
for use in gassy and dusty American coal 
mines are called permissibles; those in Eng- 
land are called permitted explosives, in 


France erplosifs antigrisouteuz, in Belgium 
explosifs S.G.P. (sécurité, grisou, poussière), 
and in Germany schlagwettersichere Spreng- 
stoffe. In American permissibles, AN has 
from the beginning been an important safety 
ingredient as regards ignition of coal gas 
and dust. It owes its safety qualities in this 
regard to the low explosion temperature in 
explosives containing large percentages of 
AN. Ап example of the early American per- 
missibles is the still-popular du Pont 
*Monobel" which, according to Taylor and 
Rinkenbach,'* comprised 10/80/10 NG-AN- 
combustible and other ingredients. Early 
British permitted explosives included, among 
many other non-NG and NG types, such 
mixtures as “Ammonite” (88/12 AN-dinitro- 
naphthalene), **Westfalite" (95/5 AN-resin), 
“Bellite” (83.5/16.5 and 93.5/6.5 AN-dini- 
trobenzene), and others. Some of these also 
contained flame coolants such as sodium 
and ammonium chloride. Typical French 
AN, non-NG, coal-mining, safety types in- 
cluded ‘Grisounaphthaliterocke” (91.5/8.5 
AN-dinitronaphthalene), ‘‘Grisoutetrylite” 
(88/5/7  NG-potassium  nitrate-tetryl), 
*Grisoudynamite" (29/1/70 NG-collodion 
cotton-AN) and “Grisoudynamitcouche” 
(12/0.5/87.5 NG-collodion-AN). Germany, 
Belgium, and other countries developed 
many similar high-AN, non-NG safety ex- 
plosives. At least two high-AN permissibles 
familiar to the author were developed 
(U.S. Patent 2,171,379 (1940) to Wahl and 
U.S. Patents 2,199,217-8 (1940) to Cook, 
Gawthrop, Wahl, and Woodbury)] which 
not only had excellent safety properties for 
use in gassy and dusty coal mines but also 
had blasting properties approaching quite 
closely the ideal blasting action of black 
powder. These features were achieved by 
careful regulation of reaction rate by ap- 
propriate intimacy of mixing and control of 
particle size of the uniformly mixed product. 
These explosives were thus especially desira- 
ble for production of large lump coal. How- 
ever, modern industrial applications of coal, 
together with new methods of residential 
heating, have largely obviated the necessity 
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for large lump coal, and the developments of 
such explosives thus have been generally 
discontinued. 

From the time of its introduction in the 
extra dynamites of Nobel until the present, 
AN has increased steadily in importance in 
the commercial explosives industry. Besides 
the economic and permissible features of AN 
explosives, the reduction in relative hazards 
connected with the increase in the AN con- 
tent of explosives also served as a great 
impetus for continued study of these ex- 
plosives. However, reduced sensitivity in- 
curred problems connected with detonating 
and propagating the high-AN explosives in 
small-diameter charges under field condi- 
tions. In attempts to solve the sensitiveness 
problem of AN explosives for general-pur- 
pose blasting, literally thousands of patents 
were developed in America, Europe, and 
elsewhere, disclosing numerous and varied 
compositions of the non-NG, high-AN type. 
Many of these described simply AN-fuel 
mixtures in which no other explosive sensi- 
tizer was used. Others described, in addition 
to the fuel sensitization of AN, the use of 
small percentages of explosive sensitizers 
such as TNT, tetryl, PETN, nitrostarch, and 
many others. Despite this great effort to 
develop high-AN, non-NG explosives, it was 
not until the early 1930’s that a really suc- 
cessful explosive of this type was discovered. 


This development comprised the still- ` 


popular du Pont “Nitramon” blasting 
agents invented by Kirst, Woodbury, and 
McCoy [U.S. Patents 1,992,216 and 7 
(1934)]. 

The chief problems in the use of AN-fuel 
mixtures in commercial blasting are low 
water-and-moisture resistance and the diffi- 
culties in detonating such explosives and 
ensuring their propagation in long columns, 
especially in small-diameter charges. The 
great success of the ‘“‘Nitramons” was due to 
recognition of three important factors: (1) 
that low sensitiveness can frequently be 
handled by adequate  boostering (cf. 
Naoüm!), (2) that there are limitations to 
the diameters in which an insensitive ex- 


plosive can reliably be used ('""Nitramons" 
were at first restricted to use in diameters of 
4 in. and larger, although later developments 
introduced seismograph grades in 2 in. and 
larger diameters), and (3) that satisfactory 
water resistance of explosives like '*Nitra- 
mon" requires the use of the explosive in 
waterproof containers. These important 
explosives were too insensitive to be det- 
onated by conventional blasting caps and 
detonating fuses but required the use of 
boosters; e.g., the Kirst and Woodbury 
patent mentioned that the explosives cov- 
ered by this patent could be detonated only 
by boosters equivalent in priming power to 
more than conventional caps and detonating 
fuses but less than 1,000 g of loose TNT. The 
*Nitramon" primers, also sealed in cans, 
contain the necessary booster in the center 
of the can and regular **Nitramon"' at either 
end. This booster is detonated by a *"Prima- 
cord" fuse that is threaded through а fuse 
housing soldered to the can adjacent to the 
central booster. Compositions included in the 
“Nitramon” patents were oxygen-balanced 
mixtures of AN with such materials as 
paraffin, and mixtures of DNT, paraffin, 
ferrosilicon, and/or other high-grade fuels. 
The author developed the composition used 
in “Nitramon A," the highest-strength ex- 
plosive of this series. During the past several 
years & number of additional explosives of 
the '"Nitramon" type have appeared, in- 
cluding “Митатех,” а still-higher-density 
"Nitramon" type, “Vibronite B," a Her- 
cules Powder Company product, and “Ni- 
tramon" types marketed under other trade 
names in America, Canada, and elsewhere. 
Water Resistance. In dynamitesthe NG 
spreads uniformly over the AN particles, 
but it may be displaced by water with suffi- 
ciently thin NG films and under sufficient 
water pressure. The high-NG dynamites 
therefore have considerable natural water- 
and-moisture resistance. But the low-NG, 
high-AN dynamites have low or negligible 
natural water-and-moisture resistance. Dur- 
ing the past two decades many develop- 
ments of AN coatings and dope additives 


12 THE SCIENCE OF HIGH EXPLOSIVES 


for improved water-and-moisture resistance 
have been disclosed. Important among the 
coatings are the calcium stearate coating 
patented by Baker and Johnson [U.S. 
Patent 2,048,050 (1936)] and the Cairns 
PRP (petroleum, rosin, petrolatum) coat- 
ing for AN (U.S. Patents 2,211,730 (1941); 
2,338,164 and 2,355,269 (1944)]. Winning 
described the use of pregelatinized starch 
products, rye flour, cereals, meals, and simi- 
lar starch additives [U.S. Patents 2,214,806 
and 7, 8, 9 (1943)] which have the effect of 
swelling and retarding water diffusion into 
the dynamite. The combined use of calcium 
stearate and combustibles that swell in the 
presence of water, together with the benefits 
of a fluid film of NG in dynamites, has in- 
deed led to many low-NG, high-AN ex- 
plosives of excellent water resistance, as 
also has the use of such coatings as the 
Cairns PRP coating and some other wax 
products. Much of the early sensitiveness 
problem in low-NG, high-AN dynamites 
was connected with poor moisture-and-water 
resistance. Hence the developments of water- 
and moisture-proofing agents have had the 
effect of reducing the difficulties associated 
with low (dry powder) sensitiveness. 
Low-Density and Impregnated Pulps. 
Besides the important water-resistance de- 
velopments, many attempts were made to 
improve sensitiveness of AN dynamites by 
using AN, SN, and other metal-nitrate-im- 
pregnated dopes. Examples of these develop- 
ments included the Stoops patent [U.S. 
Patent 1,908,569 (1933)] in which use was 
made of the water of crystallization of some 
metal nitrates and heat to effect a molten 
mixture of the nitrate which is then ab- 
sorbed by a suitable combustible. Speath 
described another method in which AN-urea 
mixtures were heated to the melting point 
and absorbed by dynamite pulps [U.S. 
Patent 1,920,438 (1933)]. Others used molten 
mixtures of AN-SN and AN-water that 
were then absorbed by the various combusti- 
bles to increase the sensitivity of the dyna- 
mite dopes. None of these methods proved 
entirely successful, owing probably mostly 
to the high sensitivity of hot AN-carbona- 
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ceous mixtures which introduced serious 
hazards into the preparation of the nitrate- 
impregnated combustibles. 

Stettbacher" urged the use primarily of 
PETN but also other explosive additives for 
increasing the sensitivity of dynamite dopes 
and high-AN-combustible mixtures. [See 
also U.S. Patent 1,922,938 (1934)—Lewis 
and Johnson]. 

Sensitivity is, in general, improved in 
high-AN explosives by decreasing density. 
An additional factor concerning the con- 
trol of density pertains to blasting action 
(see Chapter 11). Low-density explosives 
develop low pressures and are thus more 
suitable for use in, e.g., coal mining than are 
the higher-density ones. (This is, however, & 
less satisfactory method to control pressure 
than the reaction-rate control method de- 
scribed in Chapter 11.) In the period between 
1920 and 1940, therefore, considerable ef- 
fort was made to develop low-density 
combustible absorbents for dynamites. Ex- 
amples of important patent disclosures 
along this line were those of Johnson and 
associates of 1934 (U.S. Patents 1,963,627; 
1,963,622). These developments all aided 
in widening the scope of the high-AN dyna- 
mites. 

Semigelatin Dynamites. Some of the 
most significant developments of AN dyna- 
mites in this period were the semigelatin 
dynamites effected by first forming a gelatin 
of high plasticity followed by additions of 
balanced-dope materials [cf. C. A. Wood- 
bury, 0.8. Patent 1,944,910 (1934)]. These 
dynamites, by use of а small amount of 
nitrocellulose, nitrobodies, and auxilliary 
waterproofing agents for AN, made possible 
high-AN dynamites of excellent physical 
and explosive properties for small-diameter 
blasting. The du Pont “СеІех” powders are 
examples of the popular semigelatin dyna- 
mites. 

Small-Diameter Blasting. The flexi- 
bility in composition, density, and properties 
of the commercial dynamites made possible 
by the above and other developments ren- 
dered these explosives uniquely versatile in 
commercial blasting. Indeed, the practical 
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continuity of requirements in commercial 
blasting operations was well matched by a 
corresponding continuity of possible and 
practical formulations in dynamites, giving 
rise to comparable distributions in explosion 
pressure ps, density pı, and available 
energy A, the factors described in Chapter 
11 as important in commercial borehole 
blasting. This flexibility is one of the 
greatest advantages of dynamites; it is 
made possible by the use of varying pro- 
portions of NG, AN, and SN, together with 
а great number of fuel and combustible 
substances used to balance the excess 
oxygen of the AN and SN, and to provide 
density, sensitiveness, velocity, water resist- 
ance, and energy density control. Another 
unique property of dynamites is their 
desirable texture, making for easy cutting, 
loading, and handling in all types of opera- 
tions. These properties are of such great 
importance in commercial blasting in small 
diameters that competitive explosives for 
small-diameter blasting must either match 
them or show enough advantage in cost, 
safety, and/or other useful features to 
justify coping with their generally less 
desirable flexibility in design and ease of 
manufacture and handling. Owing to a 
relatively high cost, generally a very high 
sensitivity, and consequent hazard—al- 
though, as mentioned, high sensitiveness is 
of considerable advantage in the actual use 
of dynamites—and some toxicity of NG 
and NG explosive or dynamites, one might 
be willing to forego the great advantages of 
dynamites to some extent if suitable blasting 
explosives with slightly less flexibility in 
properties but less hazard and lower cost 
could be developed. 

While high-AN, non-NG types have not 
yet become competitive with dynamites for 
small-diameter blasting, several interesting 
and potentially useful ones have been 
developed. For example, Davis disclosed 
the formulation of AN-fuel mixtures with 
or without auxiliary explosive sensitizers by 
effecting & very intimate mixture of the 
AN-combustible or/and explosive sensi- 
tizers in Diver’s solution (AN in liquid 
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ammonia), the ammonia being recovered 
and reused [U.S. Patent 2,168,562 (1939)]. 
The Davis ammonia process is capable of 
producing AN-fuel mixtures that will 
propagate satisfactorily in small-diameter 
charges, are soft and pliable, and have 
enough sensitiveness for reliable propaga- 
tion in regular dynamite cartridges. How- 
ever, they have no intrinsic water-or- 
moisture resistance and are not easily 
waterproofed without excessive loss in 
sensitiveness. They would therefore require 
the use of & watertight container. The 
author, Davis, and Lawson developed 
another type (U.S. Patents 2,220,891-2; 
2,199,217-8) based on the reaction of AN 
with calcium cyanamide to produce 
Ca(NOs;)2 plus ammonia and an organic 
substance. During mixing at elevated 
temperatures (e.g., 80?C), the partially free 
ammonia renders the mixture plastic and 
provides & means for obtaining high in- 
timacy of mixing of AN-fuel and/or explo- 
sive sensitizer, e.g., TNT. Upon cooling, 
the mixture remains plastic for & short 
period during which it may be easily packed, 
e.g., by an auger, in large- or small-diam- 
eter charges at any desired density, depend- 
ing on how much calcium cyanamide one 
uses. А few hours after packing of the 
plastic material, however, the free ammonia 
is picked up by the Ca(NO;): to form 
calcium nitrate ammine, and the product 
thus “sets” much like concrete. One formu- 
lation of this explosive was used in pressed 
wafers sealed in cans in extensive oil-well 
shooting trials with completely satisfactory 
results (U.S. Patent 2,312,752 to the author). 
This oil-well explosive could be used under 
high water pressures, despite the fact that 
the sealed cans were inadequate to prevent 
water penetration under high pressures. 
Complete water penetration of this explosive 
did not harm it, because the density was 
such that only about 2 to 5 per cent of the 
water could penetrate the explosive, the 
ean thus serving primarily to prevent water 
diffusion. These explosives can be propa- 
gated reliably in small-diameter (e.g., 
14-ір.) charges at densities up to about 
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1.5 g/cc, but, of course, would be required 
to be used in fixed charges that could not 
be tamped but merely slipped into a bore- 
hole with suitable plugs to hold them in 
the borehole in “uppers.” 

“Do-It-Yourself” AN-Fuel Explosives. 
Since the great fertilizer-grade AN (FGAN) 
disasters of Texas City, Brest, and the Black 
Sea, a considerable interest has developed 
in FGAN and the relatively insensitive 
mixtures of FGAN and simply AN with 
various fuels, e.g., fuel oil and carbon 
black, for use in large-diameter blasting. 
Even though AN-carbon black mixtures 
were mentioned in the first AN patent by 
Ohlsson and Norrbein as late as 1955, a 
patent disclosed the composition FGAN 
plus 1 to 12 per cent carbon black (in 
polythene tubes) for use as a large-diameter 
blasting explosive [U.S. Patent 2,703,528 
(1955)—Lee and Akre]. On the famous 
Mesabi Range of Minnesota, iron-ore 
producers discovered that they could obtain 
good blasting results in 9-in.-diameter holes 
by simply using loose, unpackaged AN-fuel 
oil mixtures. The practice of pouring one 
(80-lb) bag of AN into the borehole followed 
by 1 gal of fuel oil was recently described!’ 
as common on the Mesabi Range. Actually, 
pure AN is capable of propagating in large 
(5 in. and greater) diameters, if it is suffi- 
ciently fine grained and adequately boost- 
ered. The strength of pure AN is only 
about one-third as great as that of the 
oxygen-balanced AN-high-grade fuel mix- 
tures. In large diameters, however, it is 
apparently not necessary to effect an inti- 
mate AN-fuel mixture to make available at 
least most of the low-cost high potential of 
such mixtures. In view of the potential 
savings of these high-AN-fuel explosives, 
the present trends are likely to lead to 
important new developments in the use of 
AN in large-diameter blasting. 

Sprengel Explosives. Shortly after No- 
bel’s pioneering developments, Hermann 
Sprengel patented a series of explosives 
based on simple oxidation-reduction mix- 
tures [British Patents 921; 2642 (1871)]. 
The Sprengel explosives are commonly 
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thought of as liquid explosives, because 
Sprengel emphasized the use of such oxidiz- 
ing agents as strong nitric acid, liquid NO3, 
and such liquid fuels as nitrobenzene, DNT, 
carbon disulfide, petroleum, etc. The Spren- 
gel explosives were intended to be mixed 
immediately before use. They are potentially 
very powerful and low-cost explosives, but 
they have not been used extensively in the 
explosives industry owing to difficulties in 
handling them even in the manner proposed 
by Sprengel, ie., by mixing just prior to 
use. They, however, offer a possibility for 
considerable future development if more 
satisfactory methods of handling can be 
developed. Sprengel was also responsible for 
the discovery that picric acid can be ex- 
ploded by a strong detonator. Prior to this 
it had been used as a combustible constituent 
of AN and other explosives. 

LOX. The liquid oxygen explosive LOX, 
comprising activated carbon and liquid 
oxygen, was introduced in 1895 by Linde in 
Upper Bavaria.* A great number of improve- 
ment patents have since been issued on 
LOX, and it has been used commercially 
to a considerable extent. However, the high 
sensitivity to spark, friction, and other 
primary ignition sources, and the rapid 
composition change in time after placing in 
the borehole (caused by the rapid evapora- 
tion of the liquid oxygen) have been the 
most serious deterrents in the extensive use 
of LOX. It too is & potentially low-cost 
source of explosive power, and for this 
reason continues to command interest, but 
it has never actually been competitive with 
the high-AN explosives and dynamites 
except under rather restricted conditions. 

Chlorate and Perchlorate Explosives. 
Davis,* Marshall,? and others have discussed 
the chlorate and perchlorate explosives, the 
histories of which date back to 1788. Here 
we merely mention the fact that, while 
many developments have been described in 
patent literature of chlorate and perchlorate 
explosives, the great hazards connected 
with their manufacture and use have pre- 
vented their extensive development, at 
least in America. However, potassium 
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chlorate has been used extensively in 
blasting caps. 

Nitrostarch. A more useful and impor- 
tant series of commercial explosives than 
those mentioned in the last three para- 
graphs are the nitrostarch powders which 
have been manufactured in this country 
during most of the twentieth century. These 
powders, currently marketed by Trojan 
Powder Company, resemble most closely 
the straight and ammonia dynamites, 
except that NG has been replaced by nitro- 
starch. They have fume characteristics 
somewhat better and are somewhat safer 
than comparable grades of dynamites, but 
they do not possess the body, flexibility in 
density, strength, pressure, and other 
desirable properties characteristic of dyna- 
mites. 

Developments in Permissibles. The 
need for better blasting action in the produc- 
tion of lump coal (at least until very re- 
cently), the need for still safer coal-winning 
devices, and the general importance of coal 
mining in the applications of commercial 
explosives have provided the impetus for 
considerable research in explosives for coal 
mining. Economically, the AN dynamites 
and high-AN, non-NG explosives have 
provided the best and most-used means of 
breaking coal. However many other solu- 
tions to this important problem have been 
developed, some of which, aside from small 
economic disadvantages, were even better 
than the AN permissibles, e.g., such devices 
as “Cardox” and Hydrox.“ 

The introduction of flame coolants was a 
popular European method of increasing the 
safety in coal-mine blasting by high ex- 
plosives in the early days of the high- 
explosives era. In fact, most of the early 
European coal-mining explosives used in 
the most dangerous mines had incorporated 
in them sodium chloride, ammonium chlo- 
ride, sodium carbonate, or other similar 
inorganic salts which react endothermically 
in the detonation reaction and thus reduce 
the flame temperature. While this method 
has also been used in America, it has been 
much less popular here then abroad. The 
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disadvantage of this method of achieving 
permissibility is, of course, the appreciable 
loss of available blasting potential. 

In an effort to achieve the permissibility 
advantages of endothermic salts without 
the accompanying loss of available energy, 
sheathed explosives were developed in which 
the flame coolant was removed from the 
interior and placed on the surface of the 
charge in the form of a flame protective 
sheath. While sheathing improved safety 
with less loss of strength, obviously this 
advantage was not obtained without in- 
creased costs. Even so, the advantages of 
sheathed explosives sufficiently outweighed 
the increased costs that they gained consid- 
erable popularity. Active sheath materials 
were also developed, consisting simply of 
flameless, gas-producing mixtures capable of 
self-sustenance of their gas-producing char- 
acter. Interest in the active sheath may 
perhaps be credited with the discovery of a 
still-better solution of the permissibility 
problem, namely ‘“Hydrox,” a British 
invention. 

“Hydrox” is a hybrid explosive of a type 
between the detonating or deflagrating and 
the mechanical types. Like “Сагӣох,” it is 
used in а steel tube with а rupture disk. But 
instead of liquid CO; and а heating element, 
*Hydrox" contains as the explosive a self- 
sustaining gas generator based essentially on 
the reaction NaNO, + NH,Cl — NaCl + 
№: + 2H;0. This reaction, while self- 


‘sustaining, does not produce a flame. The 


*Hydrox" and similar mixtures are thus 


‘referred to as nondetonating, nondeflagrat- 


ing explosives. Many compositions have 
been disclosed in patent literature as 
active-sheath materials and for use in 
devices such as “Hydrox.” For example, 
Taylor [U.S. Patents 2,048,827 (1936); 
2,078,298 (1937), together with numerous 
British and Canadian patents] described 
such self-sustaining gas-forming mixtures as 
AN, МН.НСО,, NH4Cl, and NaNO; and 
other modifications of the NaNO; + NH,Cl 
mixture. White developed the ‘White 
Powder" [British Patent 449,193 (1936)] 
consisting of AN, 1 to 10 per cent chromate 
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compounds (ammonium or potassium chro- 
mate and dichromate), plus carbonaceous 
materials. Other contributions to this type 
of permitted device were described recently 
by Hutchins [U.S. Patent 2,710,793 (1955)] 
and Hart (U.S. Patent 2,691,429 (1956)]. 

Also in the hybrid permissible type is a 
recent development of a coal burster based 
on а nondetonating, AN-fuel mixture used 
also in a steel tube with a rupture disk and 
ignited by an electric squib (du Pont’s 
“Chemechol’’). 

Perhaps the most attractive permissible 
aside from the high-AN, detonating permis- 
sibles is still the mechanical explosive 
*Cardox" described briefly above. “Сагаох” 
is also a British invention, the names of 
Hodge, Eschback, and Ignatieff (British 
Patents 320,266; 324,617; 345,284; and 
others since 1928) being linked to its devel- 
opment. Since this explosive involves no 
chemical reaction aside from its heating 
element, it is perhaps the ultimate in 
explosive-type safety devices for coal 
winning. Moreover, 'Cardox" develops a 
very desirable blasting action especially for 
lump-coal production. **Cardox" was at one 
time considered almost competitive economi- 
cally with high-explosive ‘permissibles,”’ 
but the decreased demand for large lump 
coal has changed this situation. 

Commercial Detonators and Fuses. 
The oldest detonator is the mercury fulmi- 
nate cap first used as a detonator by Nobel. 
However, mercury fulminate caps were 
patented apparently as early as about 1820, 
and mercury fulminate may have been 
known as early as the seventeenth century. 
The black-powder (safety) fuse and mercury 
fulminate and later fulminate-chlorate caps 
based on 90/10, 80/20, and other mixtures 
of mercury fulminate and potassium chlorate 
were used exclusively in commercial blasting 
during the latter part of the nineteenth 
century. They are in use to some extent at 
the present time. Early in the twentieth 
century electric blasting was introduced. 
While in the period prior to about 1915 
developments in detonators were not exten- 
sive, the last 40 years have witnessed the 
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development of some very satisfactory 
commercial blasting caps. 

In the ordinary cap, mercury fulminate 
(or the fulminate-chlorate mixture) was 
required alone to serve the threefold primary 
purposes of the cap: (1) ignition of the 
predetonation explosion, (2) creation of the 
detonation wave, and (3) delivery of a 
sufficiently intense detonation wave to the 
secondary charge to detonate this main 
charge. Still a fourth requirement of many 
modern caps is a careful control of the time 
delay in firing the cap. 

While there are a number of substances 
that will perform any one of these purposes 
as well or better than mercury fulminate, 
perhaps none of the practical primary explo- 
sives will serve as well in all three at the 
same time. The composition cap at the 
present time contains elements each of 
which performs best its particular stage of 
the complicated process of developing the 
necessarily high-pressure detonation wave 
needed to detonate the secondary charge. 
Figure 1.4 shows cross-sectional diagrams of 
typical composition and fuse or ordinary 
detonators. Here the composition cap 
contains an igniter mixture (lead styphnate), 
а primary explosive illustrated here by lead 
azide, and a base charge, tetryl. Numerous 
other igniter elements, primary explosives, 
and base charges are in use. Other excellent 
primary explosives include those shown in 
Table 1.2. PETN and RDX are better 
base-charge elements than tetryl and are 
currently rapidly replacing tetryl in composi- 
tion caps. Still more complicated composi- 
tion caps contain, for example, an ignition 
bead formed directly on the bridge wire to 
increase the speed of ignition used, e.g., in 
seismograph caps where high speed is re- 
quired, i.e., where the interval between the 
application of electrical current and detona- 
tion of the cap is required to be small. 

Two types of delay caps, the standard- 
period delay caps (with delays in the range 
from 1 to 10 sec or more), and fast or 
millisecond delay caps are currently in use. 
The fast delay caps are relatively new, hav- 
ing been developed within the past 15 years 
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Figure 1.4. Illustrations of composition (E.B.) and ordinary or fuse detonators. 


nitially for use in “Rockmaster” and simi- 
ar blasting methods discussed in Chapter 
13. Regular delay caps have been used for 
many years to fire rounds where it is neces- 
sary to blast out the burden successively 
from multiple-loaded holes in which an inside 
hole cannot be broken until others ahead of 
it have broken beforehand. Besides the 
above elements, caps contain waterproofing 
materials, safety elements, etc. The shells 
used are generally copper or aluminum. 

The cordeau detonating fuse or fuze is a 
lead-bound, TNT core fuse, now obsolete. 
It was developed for the purpose of detonat- 
ing multiple charges with a single detonator 
and served a very significant use in early 
twentieth-century industry. Later the 
“Primacord” fuse replaced cordeau and is 
used exclusively today. It has a detonation 
velocity of about 6,500 m/sec compared 
with about 5,000 m/sec for cordeau fuse. 
“Primacord” is a cloth- or plastic-bound, 
PETN core fuse. The cloth binding is 
waterproofed with wax and other water- 
resistant fillers and is usually reinforced 
with a wire or cord binding. 

Military High Explosives. Military re- 
quirements for high explosives impose 
conditions entirely different from most 
commercial applications. For example, deto- 
nators for military purposes are usually 
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much more complex than commercial ones 
in order to meet the various demands of 
military applications. Figure 1.5 illustrates 
a complicated type of military fuze contain- 
ing a detonator and booster together with 
various safety, firing, and delay elements. 

Explosives suitable for commercial use are 
generally wholly inapplicable to most mili- 
tary needs, because many of them, particu- 
larly the dynamites, are too sensitive to 
impact and shock, and present hazards too 
great for modern warfare. Moreover, in 

"1 general, commercial high explosives do not 
' possess the necessary brisance, or shattering 
action, needed in many military applica- 
tions. Brisance is a term widely used in the 
military field to describe the ability of the 
explosive to shatter and fragment steel, 
concrete, and other very hard structures, 
and сап be identified with detonation pres- 
sure, а property which may, in many cases, 
be calculated accurately from fundamental 
physical laws. 

One of most important military high 
explosives today and since World War I 
is TNT (trinitrotoluene). While TNT was 
known many years ago, having been used 
extensively in the dye industry, it was not 
used as an explosive until 1904. Its advan- 
tages are its relatively low sensitivity and 
the fact that it may be melted, poured into 
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Figure 1.5. Military detonator and booster assembly. 


shells, and cast either alone or with other 
explosives or ingredients suspended in the 
molten TNT as slurries, the first important 
one of which was amatol (TNT-AN) used 
extensively in World War I. In the cast 
form TNT alone develops a very high deto- 
nation pressure of about 2,250,000 psi and 
it is thus well suited as a demolition explosive 
and as a bursting charge. In pressed form 
its density is somewhat lower and it devel- 
ops detonation pressures in the range of 
1,700,000 to 1,800,000 psi, depending on its 
density, but is more sensitive than in cast 
form. At the present time there are many 
military explosives which develop much 
higher brisance than does cast TNT. For 
example, the explosive '*Cyclotol," made by 
slurrying granular RDX in molten TNT 
and casting the charge, develops а detona- 
tion pressure of about 4,000,000 psi. A 
somewhat safer and equally brisant explosive 
is Composition B containing, in addition to 
RDX and TNT, 1 to 4 per cent wax. The 
most powerful or energic (but not the most 
brisant) of all standard military explosives 
of the nonatomic variety are perhaps the 
cast aluminized explosive mixtures, e.g., 
“Torpex” and HBX made with RDX, TNT, 
aluminum (and wax in the case of HBX). 
Other military explosives of considerable 
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interest are the highly brisant RDX plastic 
explosives C-1 to C-4 which contain waxes 
or other plasticizers, the useful **Pentolite" 
series (10/90 to 50/50 PETN-TNT) made 
with granular PETN and molten TNT, 
*Haleite" and the “Ednatols,” tetryl, and 
the tetrytols, amatols, etc. The suffix “tol” 
refers to TNT. These may be used in either 
cast, pressed, or, in some cases, loose-packed 
charges. While these explosives were known 
many years earlier, they did not come into 
extensive use as military explosives until 
World War II. 

Devices. Aside from the development of 
new &nd more powerful explosives, the 
World War II developments of special 
weapons and devices were noteworthy. 
These are for the most part stil under 
security regulations. An exception is the 
highly publicized bazooka (Figure 1.6), an 
illustration of one of the very effective 
weapons produced on a large scale in World 
War II. Figure 1.7 represents complete 
round artillery shells with H.E. (high ex- 
plosive) warheads. The fixed artillery shell 
contains not only the warhead but the 
propellant charge and its igniter. Figure 1.8 
illustrates а hand grenade, and Figure 1.9 
shows in cross section а treacherous anti- 
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Figure 1.7. Artillery ammunition. 


personnel mine known as “Bouncing Betty.” 
It is activated by small pressure, e.g., а man 
walking over the buried device. This causes 
an igniter to fire which initiates the pro- 
pellant charge. The propellant lifts the 
device out of the ground and at the same 
time activates а time fuze designed to fire 
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the H.E. charge. When the device reaches 
a height several feet above the ground, the 
H.E. charge detonates and throws steel 
fragments in all directions at high velocities. 
(Figs. 1.5 to 1.9 were taken from sketches 
kindly made available by W. H. Browning, 
Picatinny Arsenal.) 


Original from 


UNIVERSITY OF CALIFORNIA 


о 
© 
4 
a 
и. 
> 
© 
o 
a 















= Ы > x 
TE — 7 | 
5 2 5 uec c REP | - 
[ги A .NG А z = 
ум zo $ 3 
" A ae a 5 ы 
P SS s p Y а 2 , 5 E 
> KOSTN, | Е is 
аад — a : * * 3 
Vy Wi — — — — E = 
ү ES SET Pe мыз. E g 
HZ SNC ттш су" P 
: 2 SWR SD QM SN à g à 
: 5 2 B 9 
Ne : : 
rs i 








АЯЙМ u3Wlud 


THE MODERN EXPLOSIVES INDUSTRY 21 


References 


. Adams, W. W., Wrenn, V. E., and Horton, 8. Kast, H., Z. ges. Schiess-u. Sprengstoffw., 22, 


L. S., U. S. Government Tech. Paper 635 
(1943); U.S. Bureau of Mines and Mineral 
Market Reports MMS, pp. 1656, 1787, 1908 
(1950). 

. Assehton, R., “History of Explosives,” 2nd 
Ed., New York, Institute of Makers of Ex- 


9. Marshall, A., 


208 (1927). 
“Explosives,” Philadelphia, 
Р. Blakiston’s Son & Company, 1917. 


10. Munroe, C. E., and Hall, C., U.S. Bur. 


Mines, Bull. No. 86 (1915); Munroe, C. E., 
Proc. World Eng. Congr. Tokyo, 1929, p. 31. 


plosives, 1940. 11. Naoüm, P., Chem. Zeitung, 58, 959 (1934). 

. “Blaster’s Handbook," 13th Ed., Wilmington, 12. Official Army Ordnance Report, "Operations of 
Del., E. I. du Pont de Nemours & Company, Special Ordnance Plants," Mar. 15, 1944. 
1954. 18. Reader's Digest, 48, 87 (1946). 

. Campbell, L. H., “The Industry Ordnance 14. Reese, C. L., Chem. & Met. Eng., 34, 251 (1927). 


Team," New York, McGraw-Hill Book 15. Rinkenbach, М. H., Chem. & Met. Eng., 34, 


Company, Inc., 1946. 

. Cook, M. A., “The Amazing Story of Explo- 
Sives," Reynolds’ Lecture for 1952, Bulletin 
of the University of Utah 42, No. 7, Feb. 18, 
1952. 

. Davis, T. L., “The Chemistry of Powder and 
Explosives,” New York, John Wiley & Sons, 
Inc., 1943. 

. “The Encyclopedia Americana," The Encyclo- 
pedia Americana Corporation, New York, 
Chicago, 1950. 


» Google 


296 (1927). 


16. Robinson, C. S., “Explosives, Their Anatomy 


and Destructiveness," New York, McGraw- 
Hill Book Company, Inc., 1944. 


Y., Stettbacher, A., Nitrocellulose, 4, 166 (1933); 


U.S. Patent, 1,867,283 (1930); Swiss Patent 
150,015 (1930). 


18. Taylor, C. A., and Rinkenbach, W. H., U.S. 


Bur. Mines, Bull. No. 819, 1923. 


19. University of Minnesota, ‘‘Annual Drillers 


and Blasters Symposium," Oct. 10-12, 1956. 


СНАРТЕК 2 


MODERN INSTRUMENTATION AND METHODS 


The experimental methods and instru- 
mentation in explosive technology are much 
too numerous and extensive to treat properly 
in the space available here. Hence only & 
general survey of the most modern methods 
of physical measurements and methods are 
presented, primary emphasis being placed on 
methods most familiar to the author. For the 
older methods, e.g. for the measurement of 
velocity, strength, fumes, sensitivity or sen- 
sitiveness, brisance, thermal stability, etc., 
there exists an extensive literature which un- 
fortunately has not been adequately con- 
densed into suitable form to be readily ac- 
cessible. However, many of these methods 
have become obsolete and of little present 
interest. 


Wave-Speed Photography 


High-speed streak and framing cameras 
have undergone considerable development 
during the past decade. Their applications in 
observing detonation phenomena have ex- 
panded with these developments, and today 
they are practically indispensable in ex- 
plosives research. The most important types 
now is existence are summarized in Table 2.1. 

There are several modifications of ro- 
tating-drum, streak cameras, typical of 
which are those described by Payman et al. 
and Cairns. This type consists simply of a 
Stationary mirror and a rotating drum upon 
which the film is mounted. It has recently 
been largely replaced by the rotating-mirror 
type,” perhaps the most popular of which is 
the Bowen RC-3 camera and its modifica- 
tions, such as one presently marketed by 
Beckman and Whitley, Inc. Figure 2.1a 
shows a streak (rotating-mirror) camera de- 
signed and constructed by Doering and 
Pound in the author's laboratory.* The op- 

* Besides the fundamental principles of the 
Bowen RC-3 camera, other basic ideas for this 


camera and the framing camera of reference were 
obtained from W. Allen, Naval Ordnance Test 
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tical system is sketched in Figure 2.1b. This 
camera is currently in use in an inside-out 
bombproof illustrated in Figure 2.2. It has 
a writing speed of 5 mm/ysec and is featured 
by ап excellent, versatile synchronizing 
system described in classified ERG, Uni- 
versity of Utah, reports. Incidentally, the 
inside-out bombproof has many advantages 
over the usual type (explosive in, instru- 
ments out) but is, of course, restricted to use 
in relatively uninhabited areas. By its use 
one is practically unrestricted as to the size 
shot that may be studied with the instru- 
ments available. Charges up to 1,000 lb in 
weight have been photographed in the 
author's laboratory with the streak and 
framing cameras. 

The principal requirements of electronic 
circuitry for streak cameras are: (1) to pro- 
vide а means of consistent firing of the 
charge at a time which will correspond to a 
fixed point with respect to the sweep of an 
image from the mirror along the film track, 
and (2) to provide a means of accurately 
determining and regulating the camera- 
mirror speed. In addition to these require- 
ments, several other features are desirable, 
such as a delay section which will give a 
panel control of the firing point. For the sake 
of safety, interlocks should be provided 
which prevent the firing circuit from being 
energized until all personnel are in a safe 
position. Pound designed an_ electronic 
synchronizer with phantastron delay ele- 
ments which fulfilled these requirements 
very satisfactorily and is currently in use on 
both the streak and the framing cameras in 
the author’s laboratory. 

Streak cameras are useful in accurately 
measuring the speed of wave propagation, 
in studying wave shape in detonation, and 


Station; 8. Jacobs, Naval Ordnance Laboratory; 
and B. Brixner, Los Alamos Scientific Laboratory. 
The sychronizer was designed by E. F. Pound. 
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TABLE 2.1. HIGH-SPEED CAMERAS EMPLOYED IN DETONATION STUDIES 


Streak Single frame Multiple framing 
Writing Exposure Frames/ 
Type speed Type time Type sec 
(mm/sec) (usec) 
Rotating drum 0.5 Kerr-cell shutter 0.04 Rankin-pinhole drum 2.10% 
Bowen RC-3 3.1 "Rapatronic" Fara- 1.0 Bowen-Multilens 10% 
day shutter RC4 
Beckman and Whit- 5.0 Image converter 0.001 O’Brien-Milne image 107 
ley, Inc. rotating dissector 
mirror 
Image converter 150 Sultanoff grid fram- 10 
ing 
Image converter 10% 


in many other detonation problems requiring 
microsecond time resolution. Indeed, the 
streak camera may be considered a work 
horse of the modern explosives laboratory, 
along with the pin oscillograph and the 
rotating-mirror framing camera. 

The AEC-Bowen type framing camera 
was developed by Brixner and his asso- 
ciates at Los Alamos who also developed 
faster cameras of essentially the same de- 
sign having framing rates up to 3.4 X 10° 
frames/sec.* These cameras each employ a 
two-faced mirror, upon which the object is 
first imaged, and a double optical system, 
described below (Figure 2.3). Beckman and 
Whitley, Inc., are currently marketing a 
camera of this type (B and W Model 189) 
with a maximum framing rate of 1.2 X 10* 
frames/sec. А similar instrument was built 
in the author's laboratory by Doering and 
Pound*5 from a design and mirror assembly 
obtained from Brixner (Figures 2.48, b). An 
improved instrument is now being manufac- 
tured by the Cordin Co. of Salt Lake City. 
Beckman and Whitley, Inc., also manufac- 
ture the higher-speed (4 mega frame/sec) 
camera mentioned above. 

The optical train of this camera consists, 
in turn, of an objective lens, а field lens, а 
flat-plate rotating mirror, and а bank of 23 
sets of relay lenses. The rotating mirror is 
mounted on the same shaft as an air-driven 
turbine and is located at the center of the 
film track which is in the form of a circular 
segment. In addition, adjustable  slits, 
mounted immediately behind the objective 
lens and ahead of each relay lens, serve to 
determine the exposure. For maximum ex- 
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posure and time resolution, the objective- 
lens slit is imaged upon each of the relay-lens 
slits by means of the field lens and mirror. 
A real image of the subject is formed at the 
mirror surface by the objective lens and the 
field lens, which, after reflection, is imaged 
upon the film by one of the sets of relay 
lenses, depending on the angular position of 
the mirror. Thus, as the mirror rotates, an 
image of the event is recorded in turn on the 
film by each relay-lens station, yielding a 
sequence of 23 pictures. The rate at which 
these pictures are taken (framing rate) de- 
pends upon the angular velocity of the mir- 
ror and the location of the relay-lens sta- 
tions. The turbine installed in this camera is 
capable of angular velocities up to 5,000 rps, 
giving a maximum of 1.2 X 10* frames/sec. 

The effective over-all aperture of the op- 
tical system in this camera is about #/16, 
while the effective exposure time, for & 
mirror speed of 5,000 rps was estimated to 
be 0.4z usec, where x is the fraction of maxi- 
mum the slits are opened. (Since maximum 
resolution in the time direction is obtained 
with the slits full open, they are generally 
used in this position.) The exposure time for 
slower speeds, of course, is proportionately 
longer. 

Best results were obtained using du Pont 
types 927B in SD-19a developer.” There 
seemed to be some increase in sensitivity 
with extended development, but since the 
fog level was higher, the longer development 
times were not desirable. Many of the phe- 
nomena associated with detonation are self- 
luminous and emit ample light for high- 
speed photography. In those cases where 
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Figure 21а. 


film speed was not critical, e.g., in photo- 
graphing the blast contour of the more- 
powerful explosives such as Composition B, 
D-19 developer and either 927B or Lina- 
graph Pan were used. SD-19a has the dis- 
advantages of poor keeping quality and it 
also is a skin irritant. From later work it was 
found that chemiluminescent developer with 
either of these films gave even better results 
than SD-19a developer when very high 
effective film speeds are required. 

A satisfactory light source was developed 
to permit photography of nonluminous sub- 
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jects.” This source consisted of a hollow 
TNT charge with a pasteboard tube and a 
glass plate mounted upon the open end, as 
shown in Figure 2.5. Just prior to use, the 
hollow section is flushed with argon, by 
means of an entry and an exhaust hole 
drilled into the cavity, and then it is filled to 
atmospheric pressure with this gas, the two 
holes being sealed with tape after filling. 
As the detonation proceeds down such a 
hollow charge, intense shock waves are gen- 
erated in the argon which form a Mach 
interaction along the axis of the charge. 
These shock waves and the resulting Mach 
interaction constitute a highly intense source 
of light which is ample for high-speed pho- 
tography during a period of at least 40 usec. 
The shock waves in argon are sustained by 
the detonation until the detonation wave 
has traversed the entire length of TNT. 
Since the argon shock velocity under such 
conditions is faster than the detonation 
velocity in TNT, a pasteboard-tube exten- 
sion of appropriate length was used so that 
the shock front encountered the glass plate 
at about the same time the detonation tra- 
versed the TNT. The light bomb was syn- 
chronized with the phenomenon to be photo- 
graphed by application of the electronic 
synchronizer mentioned above, firing both 
charges with fast caps through the appro- 
priate delay sections. Exploding bridge-wire 
caps are especially desirable for this purpose, 
although the commercial Hercules Powder 
Company fast E.B. caps may be used by 
employing a sufficiently strong electrical dis- 
charge in firing the cap so that it has only a 
small or negligible delay and ‘‘jitter.” 

Various other types of artificial lighting, 
back lighting, and shadow techniques, e.g., 
exploding wires, shock waves propagated in 
neon, etc., are also available. The light bomb 
described above is singularly versatile in 
studying large charges, especialy in the 
inside-out bombproof illustrated in Figure 
2.2. Another usually adequate light bomb 
used in the author's laboratory is one that 
makes use simply of а cylindrical charge 
fired into an argon-filled box with & poly- 
thene illuminating window. 


MODERN INSTRUMENTATION AND METHODS 


EXPANDI 
Gases ma 





Figure 2.1b. 
Figure 2.1. Rotating-mirror (streak) camera and optical system in author’s laboratory. 
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Figure 2.2. Installation of camera in inside-out bombproof. 
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Figure 2.3. Optical system in AEC-Bowen-type framing camera. 
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Figure 2.4. Author’s rotating-mirror framing camera. 
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Figure 2.5. Cross-sectional diagram of auxiliary light source. 


Considerable work has been done in the 
author’s laboratory utilizing 35-mm color 
film in the framing camera. Many high-speed 
photographs from this laboratory, although 
for the most part reproduced in black and 
white for reasons of economy, were taken in 
color. The color reproductions in the frontis- 
Piece are examples of this high-speed color 
photography. Although more time is re- 
quired to process color film, the advantages 
it presents sometimes far outweigh the extra 
effort and cost. More information can be 
gained from a color picture because it ex- 
hibits another dimension for examination, 
and if the color reproduction is faithful, one 
can estimate visually the temperature of the 
various areas which the film records. 

For the color work in the author’s labora- 
tory, Anscochrome and Super-Anscochrome 
film, processed for speed ASA 256 and 
higher, have been used. The processing times 
used were 36 min in the first developer, and 
24 min in color developer. In addition, how- 
ever, to build up background density and 
make the background more clearly neutral, 
0.67 g of benzotriazole were added per quart 
of the first developer. Some tests to deter- 
mine the trueness of color rendition of the 
Anscochrome film for microsecond exposures 
with high-speed developing, using a set of 
Kodak color-control patches illuminated 
with the argon light source of Figure 2.5, 
photographed at a framing rate of 10% 
frames/sec, and comparing the color rendi- 
tion of the film by visual comparison with 
the original color patches, showed that al- 
though a slight shift to the green was evi- 
denced, the color rendition was very good. 
The argon bomb evidently exhibits nearly the 
proper spectral quality for Anscochrome film 
when used under these conditions. 
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The background exhibited by ‘“Ansco- 
chrome” film developer for speed ASA 256 is 
normally greenish black. During the course 
of the color work carried out in the author’s 
laboratory, some films were encountered that 
exhibited a background of much lower den- 
sity with a corresponding departure from the 
neutral greenish-black color which resulted 
in poor color fidelity. This difficulty was 
finally traced to differences in the behavior 
of various emulsions with high-speed proc- 
essing. For this reason it is necessary to use 
standard procedures to test each emulsion 
before it is used in the framing camera and 
adjust the color development time accord- 
ingly to yield the proper background. 

While the rotating-mirror streak and 
framing cameras are quite adequate for most 
detonation studies, fundamental research in 
ultra-high-speed framing cameras has de- 
veloped several other types, the time resolu- 
tion of which are in some cases quite con- 
siderably greater than in these cameras. 

The grid-framing camera of Sultanoff*? 
and the O'Brian and Milne“! image-dissector 
camera are of particular interest. Cameras 
with even greater potential speed and resolu- 
tion include the image-converter type em- 
ploying principles of electron optics with 
electrical or magnetic focusing developed by 
Courtney-Pratt!? and Hogan,™ the “Вара- 
tronic” shutter camera of Edgerton and 
Wyckoff,? employing the Faraday magneto- 
optic effect, and the Kerr-cell shutter em- 
ploying the Kerr electrooptic effect described 
by Zarem et al.,5 and Pugh et al.“ 

The Sultanoff grid-framing camera has a 
potential speed up to about 10? frames/sec. 
Framing is obtained in this camera with & 
*multiple-slit focal plane shutter which is 
transported optically across the film plane 
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by a rotating mirror. Each individual frame 
is composed of a series of lines and the degree 
of discontinuity across each frame is pro- 
portional to the number of frames." А grid 
which moves across the field of the multiple- 
slit assembly allows only a fraction of the 
total picture to be exposed at each instant. 
Each consecutive frame is varied by moving 
the grid one slit width per frame. This gives 
a series of intermeshed lines on the film 
which can be made into frames by projecting 
through a similar slit-grid assembly, the suc- 
cessive frames appearing as the film is ro- 
tated through the slit system. This is similar 
to the multiple-aperture focal-plane scanners 
described by Tuttle.“ 

“In the ‘image-dissector’ camera the 
image of a rectangular picture is broken up 
and reassembled into a long narrow strip. 
After processing the negative must then be 
reconstructed into a rectangular motion pic- 
ture frame by projection printing through an 
optical system similar to that which formed 
it.” O’Brian and Milne claim a maximum 
speed of 10’ frames/sec for this instrument, 
although Sultanoff claimed that it had poor 
resolution at this speed. 

The image-converter shutter uses the elec- 
tron image-converter tube. In this device 
“an optical image is converted to an equiva- 
lent electron emitter by a photo-emission 
surface. Electron optics similar to that in an 
electron microscope transfers electrons from 
the initial electron object to an electron 
image plane where an optic image is regener- 
ated with the aid of phosphors. By pulsing 
either the electric field or a control grid, the 
electron flow from object to image may be 
‘gated.’ The electron gate then is effectively 
a shutter capable of very short duration.’’° 
Drosd, Liddiard, and Singleton listed the 
following advantages for the image-con- 
verter method: 

(1) "The field of view is limited only by 
available optical lenses.” 

(2) “Exposure times of less than 100 
millimicroseconds can easily be obtained (30 
has already been achieved)." 

(3) “It can produce an amplification of 
optical image intensity through use of elec- 
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tron acceleration and image size reduction. 
No purely optical system can achieve an in- 
crease of image intensity.” 

(4) "Resolution can be made equal to that 
of good miniature cameras so that an over-all 
System can resolve at least 1000 lines per 
inch." 

While the light intensity from the ex- 
plosives of maximum brisance is sufficient for 
exposures of around 10~ sec in purely opti- 
cal systems, there are many explosives of low 
brisance, e.g., commercial explosives, low- 
density and nonideal explosives, where in- 
sufficient light is produced for direct high- 
speed photography. The amplification 
characteristic of the image converter should 
thus be an important feature in studying 
these explosives, as well as allowing greater 
and greater time resolution in studying 
phenomena associated with explosives of 
high brisance. Besides the extensive study 
of this method which is continuing in 
Courtney-Pratt’s laboratory in England, 
Gibson et al., of the Bureau of Mines at 
Bruceton, Pennsylvania, the Naval Ord- 
nance Laboratory,? and others are contin- 
uing to develop this potentially powerful 
method of ultra-high-speed photography. 

The ‘Rapatronic” shutter employs the 
Faraday magnetooptic effect in which the 
plane of polarization of & beam of plane 
polarized light is rotated by an impressed 
magnetic field. The first one, announced in 
1950 by Edgerton, was & 4-usec shutter 
manufactured by Edgerton, Germerhausen, 
and Grier in Boston. A later development, 
described by Sultanoff and Bailey," had a 
l-usec exposure time and gave results com- 
parable with the Kerr-cell shutter. 

The Kerr-cell shutter has long been con- 
sidered the standard in microsecond photog- 
raphy. Two electrodes are immersed in fluid 
which becomes birefringent upon applica- 
tion of an electrical field by applying voltage 
to the electrodes. T'wo crossed polarizers pre- 
vent light from passing. А voltage applied to 
the electrodes has the effect of altering the 
state of polarization, allowing light trans- 
mission. Pugh and associates have used the 
Kerr-cell and back-lighting techniques to 
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obtain excellent photographs of jets from 
shaped charges and other transient phe- 
nomenon of short duration. 

The Beckman and Whitley Model 189 
framing camera has been adapted for high- 
speed, time-resolved spectrographic studies 
by Hauver and Zernow.*! Hauver® described 
the use of this instrument in studying ex- 
ploding tungsten wires. The advantage of 
this spectrograph is that it provides space- 
time resolution; the corresponding streak- 
camera spectrograph (one type of which has 
been developed by Allen at the Naval Ord- 
nance Test Station) provides only time 
resolution of the spectrum of the object 
under study. The added features of space 
resolution of this instrument provide addi- 
tional information on a single record, and, 
like framing versus streak photographic 
records, thus bring out features not evident 
in spectrograms with time resolution alone. 


Pin Method 


For many types of short time-interval 
Measurements in detonation as well as 
detonation velocity, plate velocities, and 
shock velocities, the pin or pin-oscillograph 
method is even more accurate and easily 
applied than the streak-camera methods of 
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microsecond chronometry. This method first 
came into use in about 1944 at Los Alamos 
Scientific Laboratory. An excellent, highly 
refined instrument constructed at Los Ala- 
mos was described by Campbell et al.’ 
Another much less expensive but quite ade- 
quate pin oscillograph was developed by 
Cook and Pound." More recently another 
instrument of this type was described by 
Gibson.6 

The pin method measures the arrival of 
the ionized shock wave at discrete stations 
(pins) along the explosive charge or in air 
(Figure 2.6). The velocity is determined by 
accurate measurement of time intervals and 
the distance between pins. One may easily 
obtain time resolution of less than 0.1 usec 
by this means. Since in practice one desires 
to measure events occurring over perhaps as 
much as 50 usec or more, the oscillograph 
should be constructed with a sweep length of 
at least 20 to 30 in. to obtain sufficient reso- 
lution for an accuracy of 0.1 per cent, e.g., 
in the determination of detonation velocity. 
The methods for increasing the sweep length 
without using an exceedingly large cathode- 
ray tube in a single cathode-ray-tube unit 
are to use either a spiral- or a raster-type 
sweep. The conventional spiral-type sweep 
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Figure 2.6. Pinset diagram. 
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has a continually changing writing rate, 
making it difficult to read and reduce the 
data. A conventional raster-type sweep, 
using a saw-tooth wave form for the hori- 
zontal deflection, has, without costly ar- 
rangements and excessive circuitry and cost, 
too long a retrace time. 

The system used in the author’s oscillo- 
graph was a modified raster-type sweep 
using a triangular wave form for the hori- 
zontal deflection and a single vertical sweep 
which gave a zigzag-type sweep. The ad- 
vantage of the triangular wave form was that 
the retrace or turn-around time was not ob- 
jectionable even with moderately simple 
equipment. The triangular wave form does 
not have as many significant high-frequency 
components as the saw-tooth wave form, 
hence it can be generated and amplified more 
easily. A 5-in. cathode-ray tube was used to 
conform with available oscillograph cameras 
and also available high-voltage cathode-ray 
tubes. Resolution was gained by using a 
higher-voltage cathode-ray tube than re- 
quired and by cutting the intensity with the 
intensity control. The 5RP11A was chosen 
because with it the full screen can be used; 
only about half of the screen can be used on 
the 5ХРИА because of deflection plate- 
cutoff. Small, negative, vertical time- 
calibration markers were used since they 
can be seen even when they fall on the cor- 
ners of the sweeps, whereas blanking or 
brightening-type markers would be lost. 
The signals were displayed as positive 
vertical pips (Figure 2.7) and were of a 
higher amplitude and longer duration than 
the time-calibration markers; hence, they 
could be distinguished easily. 


Microwave Methods 


The Doppler principle utilizing microwave 
radiation has been used to measure the 
detonation velocity of high explosives,*: 14. 53 
but early methods did not give the accuracy 
and versatility of the pin-oscillograph tech- 
nique. The Doppler theory, when correctly 
applied as in wave guides and transmission 
lines, can be used to interpret the measure- 
ments, but it is much easier to consider the 
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system as & resonant cavity or resonant 
transmission line, the length of which is 
changed by the advancing detonation. The 
impedance of the resonant system goes 
through approximately 1 cycle for each one- 
half wave length of the wave guide or trans- 
mission line.* 

An explosive charge can be used as a di- 
electric wave guide by supporting it in air, 
or аз а metallic wave guide by covering the 
outside of the charge with a conductor such 
as aluminum foil. The highly ionized detona- 
tion wave front presents а discontinuity both 
in conductivity and in dielectric constant, 
and hence is a reflector for microwaves. The 
explosive under these conditions is a micro- 
wave resonant cavity, the resonant fre- 
quencies of which are changed by the ad- 
vancing detonation wave. 

The cylindrical metallic wave-guide the- 
ory is well developed. A large number of 
modes are simultaneously possible in а 
metallic wave guide, each with a different 
guide wave length and hence a different 
Doppler frequency. It is therefore necessary 
to select conditions such that only one mode 
is propagated, or at least so that one mode is 
quite dominant. This can be done for a given 
diameter of explosive if the dielectric con- 
stant is known. The cylindrical dielectric 
wave guide differs from the metallic wave 
guide in the type of modes that can be 
propagated. The zero-order TE and TM 
modes are the only simple modes that can 
propagate in the dielectric wave guide, and 
all other modes propagated are hybrid 
modes. These hybrid modes are a combina- 
tion of TE and TM modes traveling with the 
same propagation constants. 'The mode used 
in early studies in the author's laboratory 
for the dielectric wave-guide detonation- 
velocity measurements was the dominant 
hybrid mode, the mathematical derivation 
of which was described by Pound and Cook.* 
The hybrid 11 mode had no cutoff frequency, 
whereas all of the modes in а metallic wave 
guide did possess cutoff frequencies. 

А small coaxial cable can be placed along 
the side of an explosive charge or within the 
charge to form a Doppler system. This 
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coaxial cable can be chosen in such a manner 
as to propagate only the dominant transmis- 
sion-line mode (TEM). As the detonation 
wave advances, it cuts the coaxial cable to 
produce а discontinuity in the line, and 
hence & resonant transmission line results, 
the length of which determines the line’s 
resonant frequencies. A second type of trans- 
mission line is also practical. One may cover 
the explosive charge with a conductor such 
as aluminum foil and use it as a single wire 
in free space with the ground as the second 
conductor. 

Experimental evaluations of these meth- 
ods showed that the metallic wave-guide 
system can be used to measure the detona- 
tion velocity with good accuracy. This 
method is more tractable in reducing data 
than the dielectric wave-guide system, but it 
is not so accurate. The dielectric wave-guide 
system can be used in the measurement of 
the steady-state detonation if a coaxial line 
inside the explosive charge is objectionable. 
Transient detonation velocities are very 
difficult to measure accurately by the dielec- 
tric wave-guide method owing to the chang- 
ing curvature of the reflecting detonation 
front and the build-up of the shock wave 
outside the charge. The metallic wave-guide 
system, however, is not appreciably affected 
by the shock wave outside the charge but 
has limitations due to the changing shape of 
the detonation front. 

The coaxial-cable system shows consider- 
able promise for accurate measurements of 
both steady and transient detonation waves. 
It can be used with a probable error of less 
than 1 per cent and is also satisfactorily re- 
producible from one shot to another. An 
important advantage is its mechanical and 
electrical simplicity. The only important 
objection to its use is that, if the cable is em- 
bedded along the axis of the charge, it may 
itself affect the wave propagation. 


The Measurement of Detonation Pres- 
sure 


Detonation pressure is a property of great 
importance in detonation technology. Its 
direct measurement cannot be made owing to 
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its transient nature and its exceedingly high 
magnitudes, at least in condensed explosives. 
The detonation pressure is, however, accu- 
rately defined by the hydrodynamic equa- 
tion 

p: = pıDW + р: (2.1) 


(Symbols are defined in Appendix I.) Usu- 
ally р: is negligible compared with the 
detonation pressure рз. Since the original 
explosive density p; and the velocity D may 
be accurately measured, any method for 
measuring W would also be a measure of р». 
Furthermore, W and D are related through 
the density (ру) in the original explosive, and 
that density (рз) at the "Chapman-Jouguet" 
plane, by the relation 


W = (1 — pi/ps)D (2.2) 


Hence a measurement of ps is also adequate 
to determine р». Schall" determined the 
density behind the wave front in ‘‘Pentolite” 
from densitometric traces of flash radio- 
graphs. His measurements, however, gave a 
detonation pressure somewhat (about 30 
per cent) too low. Kistiakowsky® has used 
time-resolved density measurements from 
x-ray absorption to deduce pressure charac- 
teristics through the reaction zone to the 
Chapman-Jouguet plane and back into the 
products of detonation in gaseous explosives. 

Various methods of direct measurement 
of particle velocity W,» including shock 
velocities in metals adjacent to the explosive, 
free surface velocities (see Chapter 5), and 
others have been studied. Possibly the most 
accurate quantitative measure of рз is that 
of Gehring and Dewey,™ described as fol- 
lows: 

If a detonation strikes a metal surface at 
normal incidence, reflection occurs with a 
large increase in pressure. If the detonation 
wave travels parallel to the metal surface 
and in contact with it, on the other hand, the 
metal surface is compressed, and a rarefac- 
tion moves into the explosive products. 

However, at a certain critical angle o1 be- 
tween the detonation front and the perpen- 
dicular to the original surface of the metal, 
the flow immediately behind the wave front 
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is parallel to the depressed surface of the 
metal. This surface is then a streamline, and 
the normal component of stress on it is the 
detonation pressure which may then be com- 
puted from the equation 


D tana, = (D — W) tan (а + 8) (2.3) 


and 


pı D? sin д 


COS ai sin (ai + 8) (2.4) 


Pp: = 


where 6 is the angle of depression of the metal 
surface from the original surface. The meas- 
urement of a; may be made by densitometric 
studies of flash radiographs of the process, 
observing at what angle (a) neither rarefac- 
tion nor compression is produced. This 
method, however, is subject to the same 
error limitations as the flash or high-speed 
radiographic techniques. An alternate and 
much more accurate method described by 
Gehring and Dewey is to plot the observed 
pressure on the metal surface (as determined 
by the observed angle 5) against the angle a. 
The result is a smooth curve for0 <a <a, 
suddenly changing into an erratic one at 
a = оу. The angle о; is thus determined as 
the end point of the smooth curve. Ап analy- 
818 of the errors involved in this method indi- 
cated that for cast '"Pentolite" and Composi- 
tion B it gave the true detonation pressure 
within an experimental error of +5 per cent. 
Values of pz were 2.4 X 10!! dynes/cm* for 
both 50/50 ''Pentolite" at p; = 1.66 and 
Composition B at ру = 1.70. While Gehring 
and Dewey pointed out that for '*Pentolite" 
this is 14 per cent higher than the value com- 
puted by Makino and Owyany using the 
equation of state of Brinkley and Wilson,* 
it is within the claimed experimental error, 
i.e., 5 per cent of the results computed for 
Composition B by use of the equation of 
state 


ро = nRT +а( р 


namely 2.3 Х 10" dynes/cm? although 
computations for 50/50 “Pentolite” at 
pı = 1.66 gave 2.2 X 10" dynes/cm! or 9 per 
cent lower than the values measured by 
Gehring and Dewey.!* 


(2.5) 
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Besides the efforts of Schall to determine 
р: by measurements of the density рз behind 
the wave front, Clark and Seely!? attempted 
to obtain direct measurements of W by 
means of flash radiographs of charges of 
*Pentolite" containing layers of incorpo- 
rated lead nitrate (zebra charges). By com- 
paring with static radiographs made before 
firing, one could measure the relative motion 
of the layers of lead nitrate at the instant of 
exposure of the flash radiograph. This 
method, however, was not sufficiently accu- 
rate to measure W quantitatively but gave 
valuable qualitative information regarding 
the W (z) (particle velocity versus distance) 
contour behind the wave front. 

Early shaped-charge studies showed that 
the depth of penetration or the hole volume 
of shaped-charge jets into uniform steel 
targets varied directly as the detonation 
pressure р: computed from the hydrody- 
namic theory using the a(v) equation of state 
(equation (2.5)), if the cone and charge size 
and shape were maintained constant. This 
correlation, taken from calculations of p: and 
measurements of hole volume in early 
du Pont investigations, is shown in Figure 
2.8. 

This observation has been used recently 
by the author and associates to obtain a 
measure of the average or effective detona- 
tion pressure in nonideal explosives (see 
Chapter 10). In this method one obtains a 
calibration curve of hole volume V, versus 
calculated detonation pressure for explosives 
of very short or negligible reaction-zone 
length. By using, in conjunction with this 
calibration curve (cf. Figure 2.9), the meas- 
ured value of V, for nonideal explosive, one 
thus obtains an experimental effective detona- 
tion pressure ps. This value, however, 
turned out to be much lower in some cases 
than the quantity one may rightfully call 
detonation pressure to be associated with the 
observed propagation velocity. The explana- 
tion lies in the fact that velocity is deter- 
mined by conditions existing along the 
charge axis. But the effective detonation 
pressure is higher and/or maintains longer 
on the charge axis than at any point off this 
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Figure 2.8. Calculated detonation pressure (atm X 107?) versus hole volume by jets in steel targets. 





o s 10 5 га 
+} АТМ, к 076) 


Figure 2.9. Detonation pressure (calculated) 
versus depth and volume (observed) in stacks of 
1-in.-thick, 3-in.-square, mild steel plates (4.8 X 
17.8 cm charges—constant copper cones). 


axis. The shaped-charge method gives a 
measure of the average or effective pressure 
across the whole cross section of the charge 
and is therefore lower than one computes 
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from measured velocity determined by con- 
ditions on the charge axis. 

In early technology of explosives, the 
term brisance was used to describe the prop- 
erty now attributed to detonation pressure. 
Brisance was defined as shattering action, or 
the ability of an explosive to demolish a hard 
object when fired in direct contact.?? Meas- 
ures of brisance included lead-block and 
copper-cylinder depression measurements 
where one measures simply the per cent of 
total compression of the block by an explo- 
sive. Data obtained by the lead-block 
method are made to give maximum repro- 
ducibility by using charges of constant size 
and geometry and by placing steel plates of 
constant thickness both on top and beneath 
the lead block to minimize fragmentation of 
the part of the block in contact with or 
nearest the charge. The lead-block depres- 
sion method is, of course, not an accurate 
measure of relative detonation pressures or 
brisance even under the most favorable con- 
ditions. 

The ratios p;/p; and D/W are only very 
slowly variable functions of the original 
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density pı. For many purposes it is suffi- 
ciently accurate to assume рг/р = 44 and 
D/W = 4 for condensed explosives. Under 
this approximation the detonation pressure 
in atmospheres for velocity in meters per 
second is given by 


рг = 0.00987 pı D?/4 


A still better approximate estimation of the 
ideal detonation pressure p? in terms of the 
empirical qualities o; and D* may be ob- 
tained in the same units from the equation 





р: = 0.009879, D** (oso - е) (2.7) 
D*p 

where p. is the crystal density of the explo- 
sive and the asterisk is used to designate 
“ideal” quantities. This equation was formu- 
lated by observing that in general the ratio 
ve /v; ог р/р? follows very closely the em- 
pirical relation 





(2.8) 


The approximate generality of Equation 
(2.8) is consistent with the apparently gen- 
eral a(v) relationship for explosives discussed 
later in this book. Equation (2.7) may be 
extended to nonideal detonation by replacing 
the factor 1,270 by 1,270 D/D*. 
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Figure 2.104. 
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High-Speed Radiography 


Mention was made in the preceding sec- 
tion of two methods of high-speed radiog- 
raphy, namely, flash (Clark, Schall, Tsuker- 
man) and time-resolved (Kistiakowsky) 
continuous (or streak) radiography. Flash 
radiography has been extremely useful in 
studying the behavior of the collapsing 
liner and the jets from shaped charges. The 
flash radiographic method is currently being 
extended to problems connected with com- 
mercial applications of explosives at du- 
Pont’s Eastern Laboratory. It is found useful, 
e.g., in studying reaction in coarse, low- 
velocity AN explosives, the separate parti- 
cles remaining visible until reaction is com- 
plete. Continuous (or streak) radiography 
has been extended to the study of solid ex- 
plosives at the University of California 
Radiation Laboratory at Livermore, Cali- 
fornia, by W. N. Hess. A similar instrument 
is currently under development in the 
author's laboratory by Collins and Pound. 

The potential of the high-speed radio- 
graphic methods remain largely unde- 
veloped. The development of both streak 
and framing radiographic methods of com- 
parable flexibility with present ordinary 
high-speed streak and framing photography 
would add considerable knowledge of the 
detonation process. This is illustrated by 





Figure 2.105. 
Figure 2.10. Comparison of (a) microsecond flash radiograph with (b) microsecond photograph in 
charges of square cross section. 
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comparing the microsecond flash radiograph 
of Figure 2.10a with the corresponding 
microsecond photograph of a square charge 
in Figure 2.10b. The flash radiograph was 
obtained from the Ballistic Research Labora- 
tory, Aberdeen Proving Grounds, Maryland, 
and the high-speed photograph in the 
author’s laboratory. Clearly the photograph 
reveals quite a different phenomenon than 
does the radiograph. Moreover, the phe- 
nomenon observed by one is not observable 
by the other. Hence these methods may be 
seen to complement each other very well. 


Available Energy or Maximum Available 
Work Potential 


Available energy A, heat of explosion Q, 
and the ratio A/Q are the important quan- 
tities determining the total blast or available 
work potential of an explosive. The theory of 
the maximum available work potential or 
available energy A is presented in Chapter 
11. Its measurement by available methods is 
probably considerably less reliable than the 
results of theoretical calculations, at least 
for C-H-N-O explosives (Appendix II). 
Lack of adequate heat data for other types 
such as C-H-N-O-Na-S, C-H-N-O-M, 
where М is a metal, etc., make the theoret- 
ical methods unreliable, and one must thus 
depend wholly on experimental methods. 

Until recently the only satisfactory 
methods for A were the ballistic-mortar and 
the Trauzl-block methods. The ballistic 
mortar is described in detail elsewhere" and 
is well known in explosives research. It con- 
sists simply of a heavy pendulum with a 
mortar which fires a heavy (approximately) 
16-kg projectile. A few grams of explosive 
fired in the chamber of the mortar will hurl 
the projectile and cause the pendulum to re- 
coil. One then measures the angle of recoil. 
The ballistic mortar is a reliable instrument 
as regards reproducibility, and the results 
may also be obtained not only on a relative 
but on an absolute energy basis. Unfortu- 
nately the measurements of the strength A 
obtained in the ballistic mortar correspond 
to a very low loading density (about 4 per 
cent of the chamber volume occupied by 
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explosive before detonation). In applications 
of explosives in most commercial blasting 
and many other conditions where A is im- 
portant, the loading density usually is near 
unity. Products of detonation and therefore 
Q depend to some extent on loading density, 
but mechanical efficiency depends even 
much more strongly on loading density. As a 
result, the values of A measured in the 
mortar are quite different in general than 
the values applicable in a borehole. Only 
relative results are therefore of practical 
value. These relative results are based on 
mortar calibration curves with low-density, 
granular TNT. The relative strength is ex- 
pressed in units of TNT equivalent, namely 
the number of grams of TNT required to 
give the same mortar recoil as with 10 g of 
the explosive in question. A generally more 
useful value in commercial explosives is the 
strength in which the equivalent weight of 
TNT is compared with 10 g of the explosive 
and its paper wrapper in the ratio in which it 
is used. In most dynamites the strength 
with paper is larger than that without paper 
wrapper, because the explosive is oxygen- 
balanced in such a way as to render the paper 
active explosively. While the relative method 
of expressing strength tends to overcome to 
some extent the difficulty of low loading 
density in evaluation of the relative A values 
of different explosives by the mortar method, 
one encounters many anomalies in the use of 
ballistic mortar data in the field application 
of explosives. For example, explosives pro- 
ducing large amounts of solid products and 
having high explosion temperatures are gen- 
erally underrated by the mortar results; e.g., 
high SN explosives; those generating only 
gaseous products at relatively low explosion 
temperatures are generally overrated by this 
method, e.g., high AN explosives. In spite of 
these difficulties, but owing primarily to its 
ease of application and reproducibility, the 
ballistic mortar has long been regarded as the 
standard instrument for the determination of 
strength or available energy. 

The Trauzl-block method’ attempts to 
overcome the low loading density limita- 
tions of the ballistic mortar. It consists of a 
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lead cylinder about 8 in. (diameter) x 8 in. 
(long) with a 1-in.-diameter cylindrical hole 
extending about 5 in. into the block on the 
cylindrical axis. One fires a fixed amount 
(usually 10 g) of explosive, with the remain- 
ing part of the hole stemmed tightly with 
sand or clay so that the effective loading 
density is unity. The block expansion is then 
measured and serves as & measure of the 
relative available energy. The results in gen- 
eral may be correlated quite well (within an 
accuracy of 10 to 20 per cent) with the ob- 
served behavior of explosives and with com- 
puted available energy A data for high load- 
ing density. Perhaps the only advanatge of 
the Trauzl is the fact that it provides data at 
loading densities comparable to those used 
in practice. Reproducibility is difficult and 
depends primarily on the care exercised in its 
use. It is too cumbersome and costly for 
routine use. 

Various attempts have been made to ob- 
tain more reliable and practical methods for 
strength determinations. Some of these 
methods are potentially more useful than the 
ballistic-mortar method not only from the 
viewpoint of ease of application but also 
from that of reliability аз а correct measure 
of strength. However, they have so far been 
incompletely developed and standardized 
for this purpose. One of these consists of 
measuring the peak pressure or/and total 
energy and impulse of the underwater shock 
wave of a given weight of explosives at a 
fixed distance from the point of detonation. 
These quantities may then be related to the 
available energy of the source by the appli- 
cation of known principles of underwater 
Shock-wave propagation.! A modification of 
this method studied by the author is the 
measurement of the initial spall-dome veloc- 
ity at the surface caused by explosion of a 
given amount of explosive at a fixed distance 
beneath the surface. This method is repro- 
ducible within about 5 to 10 per cent and 
gives data generally in fair accord with ex- 
pectations from theoretical calculations, 
providing the depth and extent of the pond 
are sufficient to avoid shock reflections. In 
many cases, however, it appears that one 
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should take into consideration the rate of 
evaporation of water at the gas bubble- 
water interface. The method is best applied 
by use of calibration curves employing a 
suitable standard or known explosives. 

One may avoid the difficulties associated 
with vaporization of the surrounding water 
by shooting the explosive in sand, clay, or 
other uniform media using а seismograph to 
record the radiated shock wave. Unfortu- 
nately shock propagation in solid media is 
relatively little understood, and one may 
therefore apply methods of this character 
only by use of standard calibration curves us- 
ing known explosives. In this connection, of 
particular interest is the fact that the fre- 
quency of the dominant wave radiated from 
the explosives generally varies uniformly (in 
aninverse relationship) with the available en- 
ergy A of the explosive. This is true whether 
one fires the explosive in a fluid or а solid 
medium. 


Measurement of Temperature in Det- 
onation 


Studies of the equation of state applicable 
at the Chapman-Jouguet or C-J plane in 
condensed explosives show that experimental 
measurements of detonation temperature Т» 
will be required before one can determine 
completely a(T, v) in the general equation of 
State 


ро = nRT + a(T, v)p (2.9) 


All other detonation properties, including 
the detonation pressure ps and the particle 
velocity W, are too insensitive to the form of 
« to allow one to determine its form by 
comparisons between computed and meas- 
ured quantities. The difficulties in measuring 
detonation temperature may be summarized 
as follows: 

(1) The temperature designated ‘detona- 
tion temperature” is a very transient one 
and possibly maintains only on the charge 
axis, at least in some types of explosives, e.g., 
nonideal ones (Chapter 3). Its duration is 
of the order of microseconds or less. (2) 
Owing to the extremely high pressures (up 
to 250,000 atm) at the C-J plane, the prod- 
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ucts of detonation are not transparent so 
that one has difficulty viewing the region of 
interest, and monochromatic and banding 
conditions that might otherwise be used are 
quickly erased by collisions at such high 
pressures. (3) Temperatures are in the range 
(2000 to 6000°K) not easily measured even 
were it possible to observe the region of in- 
terest directly. (4) The reaction zone is a 
highly conducting region and is in general 
accompanied by strong chemiluminescence. 
Hence there is a question even regarding the 
meaning of temperature in the reaction zone 
at least. (5) Finally the means of obtaining 
information from the region of interest with- 
out interference from other regions, and from 
the interfaces between these regions (where 
light is frequently intensified) and the meas- 
uring device will no doubt always remain a 
serious problem. 

While a number of attempts have been 
made to measure detonation temperature,‘: 
7, 80. 8 none has been successful. The work of 
Gibson et al.,” however, appears promising. 
This method consists of embedding one end 
of a rod of methyl methacrylate into the ex- 
plosive, the other end protruding from the 
charge. The light from the core of the ex- 
plosive is thereby transmitted along the rod 
to a sensing element. Unfortunately this 
method still remains complicated by inter- 
facial light intensification as the shock 
strikes the rod. Moreover, the visible light 
is initially that from the reaction zone, not 
the C-J plane. These problems, as well as 
suggested methods of measurement of tem- 
perature in detonation, are discussed by 
Harris? who mentioned various methods in- 
cluding as the most promising ones (1) a 
photomultiplier color pyrometer, (2) an 
image-orthicon spectrograph, and (3) an 
image-converter spectrograph. The accurate, 
time-resolved measurement of temperature 
ean thus perhaps easily be achieved; the 
main problem is not concerned with the in- 
strumental techniques, time resolution, and 
accuracy of temperature methods but with 
interpreting the actual temperatures meas- 
ured. For example, Cotter and Jacobs meas- 
ured the temperature in detonating liquid 
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МО” and obtained 4600°K by observing the 
detonation wave from the sides and 5750°К 
by observing it end on. The former probably 
corresponded to a lateral shock wave in the 
surrounding medium and the latter to the 
detonation reaction zone, neither being re- 
lated inany direct way with the C-J tempera- 
ture. 

Color photography with the AEC-Bowen- 
type rotating-mirror camera such as is illus- 
trated in the frontispiece of this book offers 
an excellent qualitative means of determin- 
ing temperatures corresponding to phe- 
nomena occurring at the surface of a deto- 
nating charge. This method may be made 
more and more accurate by various calibra- 
tion techniques and by application of the 
principles outlined by Harris.*^ 


Impact Sensitivity 


Drop tests were originally used аз a meas- 
ure of relative sensitivity of explosives using 
the minimum impact potential energy- 
mass-acceleration of gravity ‘height (mgh)- 
and a go-no-go criterion for expressing the 
relative sensitivity. In this test one places & 
small (approximately 25 mg) sample of ex- 
plosive between two steel cylinders which 
are then clamped in a form and placed on a 
heavy block. A weight of known mass is then 
dropped onto the cylinders from different 
heights, as desired. Major efforts were ex- 
pended in investigations during World War 
II to place the impact test on a more funda- 
mental basis both from the viewpoint of in- 
strumentation and reproducibility and from 
interpretation of results. The previously in- 
definite go-no-go criterion was replaced by 
the more definite 50-50 go-no-go point, 
fundamental principles of probability mathe- 
matics being applied in determining the 
S-curve from which to establish this 50-50 
point. Many new modifications of instru- 
ments were described in classified literature. 
Of major importance were the new interpre- 
tations of impact sensitivity and new tech- 
niques of impact-sensitivity measurements 
introduced by British and Australian in- 
vestigations which have led to a clear basic 
understanding of impact sensitivity. Major 
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contributors to this important advance were 
Bowden, Уойе,” Copp,” Rideal^ Mul- 
cahy,‘ Vines, Taylor,? and their asso- 
ciates. These investigators recognized that 
the influence of temperature on reaction rate 
and the heat-balance equation are the pri- 
mary and perhaps sole factors in the impact 
initiation of detonation. Impact creates hot 
spots in the explosive, the temperature of 
which may be high enough for the decompo- 
sition to take place at such a rate that the 
reaction must remain essentially adiabatic 
once the hot spot is created. It therefore 
continues to accelerate until detonation or 
simply explosion occurs. Investigators have 
modified the drop test in many ways to 
demonstrate hot spots, the growth of explo- 
sion from the hot spot, and the time lag be- 
tween creation of the hot spot and the 
actual explosion. It has thereby been shown 
that the time lag in secondary explosives 
obeys the same equation: 


log v = A/T + В (2.10) 


as was found by Garner? and associates in 
adiabatic decomposition of primary explo- 
gives. 

The application of high-speed photo- 
graphic methods in observing the period of 
impact of the dropped weight, the design of 
Striker pins to entrap air pockets, factors as- 
sociated with film thickness and entrapped 
gases in liquid explosives, the influence of 
y (= C,/C. on sensitivity through its 
influence of temperature in adiabatic com- 
pression, the introduction of grit particles of 
different hardnesses and melting points, and 
many other such factors received careful 
study. 

Collins and Cook,” employing methods 
somewhat like those described by Rideal and 
Robertson,** confirmed the hot-spot theory 
of initiation of explosions by impact and ob- 
tained initiation time-lag data essentially in 
agreement with data of the British and Aus- 
tralian investigators. Their method is de- 
scribed briefly below, and their results are 
discussed in Chapter 8 along with the gen- 
eral principles developed by the British and 
Australian investigators. They measured 
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simultaneously sensitivity, time lag, the 
point of the hot spot, and the mean flame 
velocity in the exploding sample. The impact 
apparatus they used was so arranged that an 
electrical contact between the dropped 
weight and the upper firing pin started the 
sweep of an oscillograph. Ionization created 
by the burning of the explosive at a hot spot 
produced a pip on the trace. When the ex- 
plosion flame reached each of three stations 
on the edge of the sample, a pip was pro- 
duced, each giving its own record of the time 
of appearance of the ionization front at the 
edge of the charge. The hot spot could thus 
be located by triangulation and the probabil- 
ity features of its occurrence studied. Figure 
2.11 shows a schematic diagram of the equip- 
ment and electrical circuitry of this drop- 
weight apparatus, and Figure 2.12 shows a 
typical trace for PETN. 


Thermal Decomposition of Explosives 


In early explosives technology, so-called 
“explosion temperature” was commonly 
measured and used as a criterion of heat 
sensitivity. It was measured by simply heat- 
ing a sample of explosive until it finally ex- 
ploded, the last measured temperature before 
explosion being taken as the explosion tem- 
perature. It is not surprising that highly dis- 
cordant results of explosion-temperature 
measurements were found, because many 
factors are involved in determining explosion 
temperatures, such as rate of heating, the 
nature of the surrounding medium, the size 
of the sample, rate of heat loss, the fre- 
quency of temperature recordings, the posi- 
tion in the sample where the temperature 
was taken, etc. The recognition of the im- 
portance of the heat-balance equation and 
the Frank-Kamenetsky relations in thermal 
decomposition of explosives emphasized that 
far more useful methods for determining 
thermal] stability of explosives could be de- 
veloped by the application of fundamental 
principles of reaction-rate theory. Moreover, 
the basic work mentioned above on impact 
initiation showed that this problem also in- 
volves fundamental principles of thermal 
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Figure 2.11. Sketch of equipment and circuitry of impact test of Collins and Cook. 





Figure 2.12. Photographic record of oscillograph trace in impact initiation of PETN. 


decomposition. The heat-balance equation 
KVT + pCdT/dt = pQk'f (2.11) 


is readily tractable only for two special 
cases, namely (1) adiabatic decomposition 
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(V?T = 0) and (2) isothermal decomposition 
(dT/dt = 0). Interpretation in terms of 
fundamental principles of reaction kinetics 
of thermal decomposition data obtained 
under conditions where neither (1) nor (2) 


MODERN INSTRUMENTATION AND METHODS 41 


were satisfied is difficult. Hence the older 
methods of thermal decomposition gave little 
information of fundamental importance be- 
cause neither of these conditions was gen- 
erally even approximately true. However, 
case (1) is approximately fulfilled in hot- 
spot initiation; the integrated form of 
Equation (2.11) under the adiabatic approxi- 
mation and other usually good approxima- 
tions therefore is Equation (2.10). Hence 
impact sensitivity under Bowden interpre- 
tations takes on fundamental significance as 
a thermal (adiabatic) decomposition of the 
explosive. 

In case (2) one may also obtain significant 
information of a fundamental nature. 
Robertson“* and Yoffe® observed the rate of 
pressure increase in various explosives under 
approximately isothermal conditions. In one 
method (glass apparatus) the sample of ex- 
plosive was placed in a small glass spoon 
rotating on a horizontal ground joint so that 
the sample could be dropped suddenly onto 
a bulb heated in a bath of known tempera- 
ture. In the other (oven apparatus) the sam- 
ple of explosive, supported on a thin mica 
slide, was suddenly enclosed between two 
parallel horizontal copper plates a known 
distance apart. The temperature was meas- 
ured by means of a thermocouple hard- 
soldered onto the face of each copper plate. 
Both methods were carried out to permit 
measurements at reduced pressures and/or 
in the presence of inert materials with fa- 
cilities for collecting and analyzing gas sam- 
ples. The reactions were generally run at 
high enough temperatures to permit com- 
pletion of reaction in from several seconds to 
several minutes. 

Self-heating of explosives in thermal de- 
composition becomes greater as the tempera- 
ture increases. Hence the isothermal method 
(2) should be carried out at the lowest pos- 
sible temperatures. Cook and Abegg!* de- 
scribed an apparatus for measuring by a 
sensitive quartz spring balance the rate of 
weight loss of a sample maintained at a fixed 
temperature in a small pyrex glass bulb sus- 
pended inside a cavity in an aluminum block 
where the situation was optimum for main- 
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taining isothermal conditions. Ап accurate 
electronic thermal regulator was used, and 
measurements were made at the minimum 
possible temperatures. This method is, of 
course, applicable only to those explosives 
where the weight loss is due to decomposition 
alone and where the accumulation of prod- 
ucts of decomposition is negligible or its rela- 
tive amount known or measurable. Besides 
the use of minimum temperatures, this 
method permitted the use of such small 
samples that self-heating was essentially 
negligible under most conditions. TNT was 
found to undergo both vaporization and de- 
composition at comparable rates at the 
minimum temperature for practical meas- 
urements, hence its rate of decomposition 
could not be determined by the quartz 
spring-balance method. In this case a special 
sealed-tube technique was used under mini- 
mum temperature conditions. This method 
also is described by Cook and Abegg. The 
adiabatic- and  isothermal-decomposition 
methods are found under the new methods 
of measurement and interpretations to be 
complementary in determining heat sensi- 
tivity, or the parameters in the absolute re- 
action rate equations of thermal decomposi- 
tion. This is discussed more thoroughly in 
Chapter 8. 


Miniature-Charge Techniques 


Of the recent developments in methods 
and techniques, the miniature-charge tech- 
niques developed at Naval Ordnance Labo- 
ratory by Hampton and Stresau deserve 
special mention. Charge diameters from 2 
to 5 mm are generally used, and charges are 
confined in heavy-walled steel, aluminum, 
copper, and other metal cylinders. Velocities 
are measured by probe techniques similar to 
the pin methods described above. This 
method has the advantages that it may be 
used with a minimum of explosion-protection 
equipment, and small quantities of explo- 
sives are employed under accurately repro- 
ducible conditions. These methods have been 
found to be very useful in developing funda- 
mental information on high explosives 
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Charge Preparation 


The development of high-precision appli- 
cations as well as of more technical applica- 
tions of explosives has emphasized the need 
for more and more precise charge prepara- 
tion. Great strides in accuracy of control of 
composition, homogeneity, and density have 
been achieved by new methods developed in 
this country at Los Alamos Scientific Labo- 
ratory, Naval Ordnance Laboratory, and 
Naval Ordnance Test Station, in the mili- 
tary-explosives production plants e.g., Hol- 
ston Defense Corporation, and others. These 
developments are described primarily in 
classified reports. However, some of these 
new charge-preparation methods are sum- 
marized in an unclassified report by James?’ 
who described new vacuum melting methods 
and casting techniques. In the Los Alamos 
Scientific Laboratory the finished charges 
are machined from the most uniform parts of 
the casts by regular machine-tool methods 
operated when possible under water flooding. 
However, dry machining is used with water- 
soluble and porous explosives. Special press- 
ing techniques, designed for high uniformity 
in the pressed charge, have been developed 
so that today the methods of charge prep- 
aration of military explosives are highly 
developed. Moreover, a tremendous effort 
has gone into the development of the many 
chemical processes for the preparation of ex- 
plosives, especially RDX, EDNA, tetryl, 
PETN, and other military explosives. This 
effort has resulted in a tremendous capacity 
for the production of needed explosives with 
great reduction in hazards, cost, and com- 
plexity of operation. 
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СНАРТЕК 3 


VELOCITY OF PROPAGATION OF IDEAL AND NONIDEAL 
DETONATION WAVES 


Detonation waves travel usually at a 
constant velocity determined (through the 
thermohydrodynamic laws) by the chemical 
energy released in detonation, the rate at 
which this energy is released, the density 
of the explosive, and the charge diameter. 
In certain gaseous explosives, detonation 
has been observed to propagate in a helical 
path, and this type is referred to as spinning 
or helicoidal detonation. In many explosives, 
velocity transients are observed in the early 
stages of propagation of the detonation 
wave from its point of initiation. Some ex- 
plosives, notable among which are the gela- 
tin dynamites and liquid NG, exhibit com- 
monly two distinct, stable (each constant) 
velocities. These two velocities may differ 
by as much as a factor of five. For instance, 
the low-velocity propagation of blasting 
gelatin is in the neighborhood of from 1,500 
to 2,000 m/sec, while its high velocity is 
from 6,500 to 7,500 m/sec, depending on 
the density and the NG content. Sometimes 
the explosive starts propagating at low 
velocity and suddenly changes over to the 
high velocity, in some cases at a random 
position and in others at fairly definite posi- 
tions along the column. In this chapter we 
shall consider several types of detonation- 
wave propagation in gaseous and condensed 
explosives. 

So-called ideal detonation corresponds 
to the theoretical maximum or hydrody- 
namic value D*. This maximum velocity D* 
is subject to direct experimental determina- 
tion in many cases; it is the steady value 
attained at a sufficiently long distance from 
the initiator in a tube or charge of diameter 
sufficiently large that further increase in 
either length or diameter will not cause an 
increase in velocity. One may observe higher 
velocity than D* in a given explosive by 
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overboostering, but this occurs only in the 
immediate vicinity of the booster and is 
always accompanied by velocity decay until, 
at sufficiently long distance from the initia- 
tor, the velocity will have settled down to 
D*, if the conditions are ideal, or to a lower 
velocity D < D* if they are nonideal. Non- 
ideal detonation refers to steady-state (long 
charge length L) wave propagation at a ve- 
locity lower than the ideal velocity D*. It is 
associated with the rate of conversion of the 
explosive to its products of detonation and 
lateral heat and pressure losses. Velocities 
less than or greater than D* associated with 
under- or overboostering and with other 
effects will be considered under the heading 
“Transient and Unstable Detonation 
Waves.” Thus, if the stable, constant de- 
tonation at large charge length L is D*, de- 
tonation is defined as ideal, but if this final 
or steady-state velocity is less than D*, de- 
tonation is termed nonideal. 


Ideal Detonation 


The velocity of ideal detonation is com- 
pletely determined by the thermohydro- 
dynamics of the explosive, with the inde- 
pendent variables being the original density 
pı of the explosive and its chemical composi- 
tion, all quantities being calculable, at least 
in principle, through the thermohydrody- 
namic theory and an appropriate equation 
of state. For a given ideal explosive velocity 
is a function only of the original density, 
ie, D = Р(р). Three fundamentally dif- 
ferent types of D(p:) relations have been 
found in ideal detonation. The most com- 
mon is the linear D(p;) relation characteris- 
tic of solid C-H-N-O explosives at den- 
sities between about 0.5 and the crystal 
density of the explosive This relationship 
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may be expressed by the equation 

D* = Dig + M*(p1 — pi) (3.1) 
where D^: is the detonation velocity at 
the density р; and M* is the slope of the 
velocity-density curve or line, the asterisk 
designating ideal detonation. For direct com- 
parison of explosives, it is frequently con- 
venient to select p; — 1.0 g/cc. While the 
actual velocity of & given charge may be 
measured with present methods with an 
accuracy of about 0.1 per cent, the (ру) 
curve is seldom known this accurately, 
owing to fluctuations in density in the charge 
and experimental error in the evaluation of 
pı. In cast, pressed, and liquid explosives 
one may generally evaluate p; with high ac- 
curacy, but in loose, granular charges one 
frequently encounters difficulty in control- 
ling and measuring р! with an accuracy 
better than about 2.0 per cent. For this 
reason the literature frequently shows dis- 
crepancies of this magnitude in D*; and 
the M* factor of Equation (3.1). 

Table 3.1 lists parameters of Equation 
(3.1) for some of the most important explo- 
sives where experimental data are available. 

Velocities in the ideal detonation of gases 
are much less sensitive to the density pı than 
in condensed explosives. Since they obey the 
ideal-gas law, as shown by the fact that the 
measured velocity agrees closely with that 
computed from the thermohydrodynamic 
theory by use of the ideal-gas law,’ a com- 
mon assumption is that the ideal velocity D* 
of gaseous explosives is independent of 
density. Owing, however, to the influence 
of density on the dissociation of the products 
of detonation at the high temperatures of 
detonation and the influence of molecular 
weight on particle velocities, the velocity 
turns out actually to be a slowly varying 
function of density. Studies* of mixtures of 
НО, М., Н;,-О,-А, CiHz-O, , and others 
covering the range of initial pressures pi 
from below atmospheric to 50 to 100 atm 
showed that D*(p:) frequently followed 
closely the (constant temperature) relation 


D* = D; + В" log pi/p: 
Ӯ (3.2) 
= Рр + 8* log pi/pe 
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TABLE 3.1. IDEAL VeLocity Data гов SOME 
or THE Мове IuPoRTANT EXPLOSIVES!: 4 














Density 

(ei) | D$ м 

(g/cc) 
TNT 1.0 | 5,010 | 3,225 
PETN 1.0 | 5,550 | 3,950 
50/50 ‘‘Pentolite’”’ 1.0 | 5,480 | 3,100 

1.0 | 6,080 | 3,590 
Composition A 1.6 | 8,180 | 4,000 
Composition B 1.6 | 7,540 | 3,080 
Composition C 1.5 | 8,100 
Composition C2 1.57 | 7,850 
Tetryl 1.0 | 5,600 | 3,225 
65/35 Tetrytol 1.6 | 7,300 | 3,400 
Picric acid 1.0 | 5,255 | 3,045 
“Haleite” (EDNA) 1.0 | 5,910 | 3,275 
Ammonium picrate 1.0 | 4,990 | 3,435 
Nitroguanidine 1.0 | 5,460 | 4,015 
Lead azide 4.0 | 5,100 560 
Mercury fulminate 4.0 | 5,050 890 
50/50 Amatol (TNT-AN) | 1.0 | 5,100 | 4,150 
50/50 Sodatol (TNT-SN) | 1.0 | 4,100 | 2,580 
DINA 1.0 | 5,950 | 2,930 
NENO 1.0 | 5,530 | 3,680 
Fivonite 1.0 | 5,215 | 3,410 
Bixonite 1.0 | 5,670 | 3,360 
NG (liquid) 1.59 | 7,800 
60/40 NG-DNT 1.50 | 7,000 
60/40 ‘‘Ednatol”’ 1.60 | 7,510 | 3,325 


t Data not found in References 2 and 9 were 
measured in author’s laboratory. 


over this range of initial pressures. Figure 3.1 
illustrates the application of Equation (3.2) 
for various mixtures of НОМ: and 
H,-O.-A. Table 3.2 gives parameters of 
Equation (3.2) for these gases and some 
C;H;-O; systems. 

Theoretical computations from the ther- 
mohydrodynamic theory are varified by 
these linear relationships not only as regards 
slope but also for absolute values of D*. 

Interesting examples of nonlinear D*(p;) 
curves in solid explosives are those observed 
with the aluminized explosives 80/20 Tri- 
tonal and 75/25 Composition B-aluminum 
(HBX) shown in Figure 3.2. These curves 
were obtained at large enough diameters to 
ensure ideal detonation (see Figure 3.3).* 
The explanation for the anomalous curva- 
ture of the (ру) relation for these aluminized 
explosives is discussed in Chapter 12. The 
products of reaction of aluminum in detona- 
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Figure 3.1. Velocity D versus log р! curves for gaseous explosives. 


TABLE 3.2. CONSTANTS OF EQUATION (3.2) 
ғов Вомв GASEOUS EXPLOSIVES 


(Мае ratios) # De ⸗ 
(psia) (m/sec) (m/sec) 
6H -10; 100 3,800 
4H 4-104 10 3,220 325 
ЗН: 10; 10 3,100 250 
2H;-10; 10 2,850 160 
1H;-10; 10 2,300 100 
1H;-20; 10 1,920 10 
1H,;-30; 10 1,890 — 240 
2BSIOASA 10 2,460 130 
2H;-10-1N: 10 2,420 60 
2H:-10:-2N: 10 2,220 50 
3C:H,10; 15 2,520 0 
2C:Hr-10: 15 2,660 45 
1C:Hr-10: 15 2,920 160 
2С.Н,-30, 15 2,720 150 
1C43H 4-905 15 2,200 120 


NOTE: В* corresponds to the increase in velocity 
for a tenfold increase in p; (and pı). 


tion are Al,O(g) and Al;O;(c). The former 
is effectively an endothermic product аз 
regards the over-all products of detonation, 
especially in view of the fact that its forma- 
tion reduces the H;O and/or CO; that would 
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otherwise form. The formation of Al;O;(c), 
on the other hand, contributes considerable 
heat to the explosive reaction. Hence the 
heat of explosion Q depends strongly on the 
ratio Al;O(g)/Al;O;(c) in the products of 
detonation. This is large in the detonation 
wave at low densities but decreases as den- 
sity increases. The thermodynamics of these 
and other aluminized explosives are dis- 
cussed in Appendix II. 

It can be seen in the curves of 45/30/25 
RDX-TNT-aluminum at р = 1.15 and 
80/20 Tritonal at 51 = 1.0, shown in Figure 
3.3, that at d = 7 cm in the former and 
d = 6 cm in the latter the velocity averaged 
somewhat lower than the smooth curve, 
indicating an anomalous depression in the 
D(d) curves of these aluminized explosives 
at these diameters. This situation was no- 
ticed at the time these measurements were 
made in 1954. However, it was felt that the 
experimental error was too great to consider 
them sufficiently significant to be discussed 
in Reference 6, even though the theory out- 
lined in Chapter 6 led the authors of Refer- 
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Figure 3.2. Velocity (D) versus density (pı) curves for HBX and Tritonal. 
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Figure 3.3. Velocity (D) versus diameter (d) or D(d) curves for HBX and Tritonal. 


ence 6 to expect this situation to be real. of penthrite and aluminum at pı = 0.92 and 
Recently however, 


Berger, Cachin, and pı = 0.75. Moreover, in their case, presum- 


Viard" observed the same phenomenon in ably because of their use of lower densities, 
their velocity-diameter curves of a mixture the anomalous depression of ће D(d) curve 
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was quite outside the limits of experimental 
error and thus definitely real. Note also that 
they occurred in the same region of the 
curves as in Figure 3.3, namely at a diame- 
ter of 6 to 7 cm. Furthermore, the depression 
was much deeper in the lower-density case, 
showing that increased density tends to 
erase the anomalous depression. The signifi- 
cance of this anomalous D(d) depression re- 
gion in the low-density, granular, aluminized 
explosives is discussed in Chapter 12. 


Nonideal Detonation 


From the usage of the terms ideal and 
nonideal, as applied to the steady-state 
propagation of detonation waves, all ex- 
plosives will exhibit both types; it is neces- 
sary only to select the charge diameter either 
as very large to observe ideal, or sufficiently 
small to observe nonideal detonation. Tran- 
sient and the (low-high) dual-velocity wave 
propagation are associated with nonsteady 
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Figure 3.4. Velocity-diameter curves (1. Com- 
position B (р = 1.70); 2. 70.7/29.3 Composition 
В-АМ (о, = 1.59); 3. 50/50 Pentolite (o; = 1.62); 
4. TNT (“сгеатей”, p, = 1.6); 5. RDX (—65 
+100 mesh, p; = 1.20); 6. 50/50 amatol (p; = 1.53); 
7. 50/50 sodatol (p, = 1.83); 8. EDNA (—35 +48 
mesh, p, = 1.0); 9. PETN (—35 +48 mesh, р: = 
0.95); 10. tetryl (—35 +48 mesh, р = 0.95); 11. 
65/35 baratol (po; = 2.35); 12. TNT (—65 +100 
mesh, ру = 1.0); 13. TNT (—6 +8 mesh, p; = 1.0); 
14. TNT (—4 +6 mesh, p; = 1.0); 15. 50/50 TNT- 
AN (—20 +30 mesh AN, р, = 1.0); 16. 50/50 
TNT-SN' (—28 +48 mesh, р, = 1.15); 17. 2,4 DNT 
(—65 +100 mesh, р, = 0.95); 18. AN (—65 mesh, 
Aa = 1.04). 
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and/or unstable phenomena. Nonideal de- 
tonation is, however, steady and stable 
under the particular conditions (charge 
diameter and confinement) where it is ob- 
served. 

In cylindrical charges between the critical 
diameter а, , below which steady detonation 
will not propagate, and the minimum diame- 
ter 4* for ideal detonation, one observes in 
general velocity-diameter curves which in- 
crease steadily with diameter (cf. Figures 3.4 
and 3.5) from the minimum steady velocity 
at d. to D* at dz . The ideal regime then cor- 
responds to d > d». Now the extent of the 
regime of nonideal detonation de< d < dă 
depends on the degree of confinement and 
the rate of reaction of the explosive. The re- 
action rate depends on the physical state 
of the explosive, primarily its density and 
particle size. Increased particle size in gen- 
eral increases both d. and 4%. Increased 
density may be seen qualitatively from cer- 
tain results in Figure 3.4 (curve 6 versus 
15 and curve 7 versus 16 in Figure 3.4) 
to increase the reaction rate in detonation 
of at least SN and AN in mixtures with 
TNT.: 4 However, quantitative treatments 
outlined in Chapter 6 are required to in- 
terpret the D(d) curves in terms of the 
reaction rate. Increased confinement at con- 
stant diameter invariably increases veloc- 
ity in the nonideal regime and moreover 
lowers both 4. and dz. Hampton and 
Stresau (Chapter 2, Reference 29) at 
Naval Ordnance Laboratory have developed 
interesting and valuable miniature-charge 
techniques making use of the influence of 
confinement to lower both d. and d; . 


D(oi) Curves in Nonideal Detonation 


The D(p:) curves for nonideal explosives 
normally have an even greater slope at a 
given density than for ideal explosives owing 
to the effect of density on reaction rate men- 
tioned above. This is evident also from the 
data in Figures 3.3 to 3.5; one will observe 
that for Tritonal, HBX, amatol, sodatol, 
and the AN permissibles [(4) to (7), Figure 
3.5], dc was lower in each case at the higher 
density and (AD/Ap:)m or the ratio of in- 
crease in velocity to increase in density at 
constant diameter was greater at small than 
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at large diameter where at least one of the 
two cases compared is in the nonideal region. 
There is, however, one very important class 
of detonating explosives where this is not 
the case, namely those exemplified by the 
AN-combustible mixtures which contain no 
other ingredient than AN which is explosive 
by itself. In diameters sufficiently below 
4%, these mixtures in general exhibit a 
velocity maximum of the type illustrated in 
Figure 3.6. As one approaches ds , however, 
the (ру) curves for these explosives even- 
tually become normal by going over to 
curves of the type described by Equation 
(3.1). 

Low-density AN-aluminum mixtures are 
in general nonideal over a broad range of 
diameters and particle sizes of both AN and 
aluminum. While aluminum particle-size 
effects are relatively unimportant for sizes 
smaller than about 35 mesh in mixtures such 
as Tritonal and HBX, they are more im- 
portant in AN-aluminum mixtures. Par- 
ticle-size effects of AN are also very pro- 
nounced in these as well as all other AN 
explosives in diameters appreciably less than 
da. However, one frequently encounters 
difficulties in the control of particle size in 
mixtures of this type owing to the tendency 
of the particles of AN to grow, in time, by 
fusing of one particle to another. For this 
reason AN explosives, especially those not 
protected by suitable AN coatings, fre- 
quently exhibit & decrease in velocity upon 
aging. Figures 3.7 and 3.8 show some veloc- 
ity-diameter and velocity-per cent alumi- 
num results obtained with AN-aluminum 
mixtures. In these comparisons attempts 
were made to keep the AN and aluminum 
particle sizes constant by using the same 
batch of AN and aluminum throughout. 
However, the effect of aging on AN particle 
size could not be completely eliminated. This 
effect also influences packing density. Of 
particular interest is the effect of density 
on velocity shown in Figure 3.7 for the 8 
per cent aluminum mixture where the low- 
density (р, = 1.05) product gave a curve 
displaced upward about 1,000 m/sec with 
respect to that for the high-density product 
(ри = 1.17). This is shown also by the re- 
sults for pure AN where the curve for р = 


Google 


0.95 is seen to be several hundred meters 
per second higher than that at р, = 1.04. 
This is explained by the effect shown in 
Figure 3.6. Comparison of the D versus per 
cent aluminum curves of Figure 3.8 at vari- 
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Figure 3.5. Velocity-diameter curves for some 
commercial explosives (1. 60 per cent ammonia 
gelatin; 2. 40 per cent ammonia gelatin; 3. 60 per 
cent AN-SN dynamite; 4. per cent AN-SN dyna- 
mite; 5. fuel sensitized coarse-fine AN explosive 
(pı = 1.3); 6. fine grained AN permissible (p; = 
0.8, NG 7 per cent); 7. intermediate grained AN 
permissible (p; = 0.8, МС 7 per cent); 8. coarse 
grained AN permissible (pı = 0.8, NG 7 per cent); 
9. fine grained AN permissible (p; = 0.6). 
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Figure 3.6. Typical velocity-density curves for 
AN-combustible mixtures in small diameter 
(—65 + 100 mesh АМ; d = 10 cm). 
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Figure 3.7. D(d) curves for AN-aluminum mixtures. 
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Figure 3.8. Velocity versus per cent aluminum 
in AN-aluminum mixtures at р: = 1.05. 


ous diameters from 2.5 to 12.5 cm with the 
theoretical curve (obtained by methods de- 
scribed in Chapter 4) shows that the AN- 
aluminum explosives are nonideal in all 
(practical) charge diameters. This is true of 
many AN, SN, barium nitrate, and similar 
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explosives, e.g., explosives number 11, 15, 16, 
17, and 18 in Figure 3.4 and 5, 6, and 8 in 
Figure 3.5. Since AN is one of the most im- 
portant of all commercial explosives owing 
to its low cost and high blast potential in 
oxygen-balanced mixtures, the physical 
chemistry of its reactions in detonation is of 
great importance. In Chapter 6 are presented 
in some detail the reasons for the peculiar 
velocity behavior of these and other non- 
ideal explosives. 

Transient and Unstable Detonation 
Waves 


One of the first types of unstable or meta- 
stable detonation phenomena observed was 
the low-velocity detonation of liquid NG, 
blasting gelatin, and gelatin dynamites. In 
these explosives low velocity is obtained in 
small-diameter charges by use of cap initia- 
tion, and sometimes occurs even under heavy 
boostering and in large diameters, especially 
in aged gelatins. Photographic studies have 
shown that it is associated with very in- 
complete reaction of the explosive. For ex- 
ample, following passage of the low-velocity 
detonation wave, one may sometimes ob- 
serve a second and even a third detonation 
wave initiated by high-temperature reaction 
following expansion of the unreacted mass 
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of explosive by the gases produced by partial 
reaction in the initial low-velocity wave. 
The explanation of this interesting phenome- 
non lies in the fact that the covolume of the 
products of detonation may be even greater 
than the volume of free space available to 
these products when the pressure is low. This 
causes reactions initiated by relatively low- 
intensity shocks to be quenched as soon as 
the available free volume in the explosive is 
filled. Since the covolume decreases with in- 
creasing pressure, strong shocks initiate 
high-order detonation, and weak shocks 
low-velocity detonation. This phenomenon, 
termed “врасе catalysis," allows one to pre- 
dict that the low velocity will decrease with 
increasing density since the free space will be 
reduced as density is increased. On the other 
hand, the normal high-velocity detonation 
increases with density. These effects have 
been observed in systematic studies of gela- 
tins. However, they are complicated by the 
air-bubble-size effect. In a fresh gelatin air 
bubbles are uniformly distributed as small 
microscopic bubbles, but upon aging the air 
bubbles grow in size but decrease in number 
by coalescence. As a result a decrease in 
velocity of the low-velocity wave and an 
increase in velocity of the high-velocity one 
merely upon aging are observed (Figure 3.9) 
even without a change in the average over- 
all density. This is a result of the fact that, 
if the bubbles grow larger than the reaction- 
zone length, the wave propagates at the 
velocity corresponding to the microscopic 
density instead of the macroscopic density 
of the gelatin. 

The low-velocity propagation in gelatins 
and LNG is metastable; once low velocity 
is achieved it is unlikely to change to high 
velocity and vice versa. It is distinct, there- 
fore, from the familiar low-order detonation 
encountered frequently in military explo- 
sives. The latter is not metastable in any 
way, but purely transient; it may result in 
partial failure or in normal high-order deto- 
nation, and is largely unpredictable. Low- 
velocity (metastable) detonation is practi- 
cally unknown in any explosive except the 
gelatin dynamites and NG, probably be- 
cause only in the most sensitive types is a 
low-velocity wave sufficiently intense to 
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Figure 3.9. Influence of aging on high and low 
velocity of a gelatin. 


support the necessary chemical reaction. It 
seems very significant, therefore, that 
Stresau!® has observed a metastable, low- 
velocity wave propagation (1,200 to 1,700 
m/sec) in mercury fulminate pressed at a 
pressure of 60,000 psi, practically to the 
crystal density in a 0.4-cm-diameter charge. 

Transient detonation phenomena are nu- 
merous and varied. A particularly interesting 
one is that observed in low-density and 
pressed tetryl and *'Haleite" or EDNA. 
This type was first observed in pressed tetryl 
by Jones and Mitchell who showed that 
the wave started initially at low velocity, 
but after а certain distance from the initia- 
tor it suddenly changed over to the normal 
high-velocity detonation. They showed also 
that the distance of the low-velocity regime 
fell off progressively as the size of the booster 
was increased until it finally disappeared 
altogether. The author and his associates 
have studied this phenomenon in loose, 
granular tetryl and EDNA аз a function of 
particle size and diameter using only cap 
initiation. Typical photographic traces with 
& streak camera are shown in Figures 3.10a, 
b, c. The distance from the point of initiation 
to the point of sudden transition to high-or- 
der detonation appeared quite reproducible 
and depended on the particle size and the 
diameter (Table 3.3). The transient phenom- 
ena occurred not only in the nonideal region 
but extended also well into the ideal detona- 
tion region in tetryl, but disappeared in 
EDNA when detonation became ideal 
(Figures 3.11 and 3.12). 

Similar but somewhat more complicated 
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Figure 3.10а. 


Figure 3.10. Typical dual-velocity traces for 
cap initiated, loose tetryl and EDNA. 
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Figure 3.106. 


transient phenomena have been observed by 
Allen, Cook, and Pack! in fine-grained, loose 
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Figure 3.10c. 


TABLE 3.3. DISTANCE or Low-VELOCITY REGIME 
FROM Point or INITIATION (#6 САР) 
то STABLE DETONATION 














Tetryl (2: — 1.05) 
tom — 
20-28 mesh 35-48 mesh 

0.95 t 4.6 cm 2.5 cm 
1.27 |t 3.0 2.3 

1.59 |4.5 cm 3.4 2.3 

1.90 |4.4 2.1 2.1 

2.22 |4.4 1:7 2.2 

2.54 |4.5 2.2 2.0 

4.39 |4.3 2:2 No transient 
5.04 | 4.0 No transient | No transient 





t Nonideal velocity merged into transient 


owing to incomplete reaction. 
1 No transients observable with 65-100 mesh 
EDNA. 


TNT; mixtures of fine and coarse, loose 
TNT; and in cast TNT. Their average data 
are summarized in Table 3.4. In the low- 
density explosives at the diameters shown, 
three separate regimes were evident. In the 
first regime the velocity was lowest, in some 
cases much less than half the stable velocity; 
in the second it was intermediate; and in all 
but one case it eventually stabilized at the 
normal velocity D, for the diameter used. 
Conditions were surprisingly reproducible 
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Dim ces. 1107?) 





9 T$ 


Figure 3.11. D(d) curves for tetryl. 


in fine, loose TNT and in east TNT, but 
were more erratic in the 50 per cent fine, 50 
per cent coarse TNT mixture. Moreover, in 
the latter the velocity was variable 
(smoothly increasing) from the point of 
initiation to the first transition and from 
the first to the second sharp transition. Cast 
TNT, of course, required a much stronger 
initiator to obtain detonation. The transient, 
one observes moreover, depends critically 
on the booster. With sufficiently heavy 
boostering no transient, except possibly a 
small initial decaying transient from a higher 
velocity to the normal one, was observed. 
The results summarized in Table 3.4 were 
with a 1-ш. (d) x 1-їп. (Z) pressed tetryl 
booster. In this case the initial low-order 
regime could not be detected; only the in- 
termediate and final regimes were clearly 
distinguishable. The three-regime transient 
phenomena are strikingly illustrated by 
framing-camera results for cast TNT shown 
in Figure 3.13. Here six frames of a 23-pic- 
ture sequence of two 5-cm charges of cast 
TNT fired simultaneously side by side are 
shown. Figure 3.13 shows every other frame 
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2 3 
d(cm) 
Figure 3.12. D(d) curves for EDNA. 


in the interval of interest. The charge on the 
left shows the initial (low-order) regime at a 
velocity of 4,300 m/sec; it is apparently as- 
sociated with very little chemical reaction, 
as indicated by the small angle (5°) made 
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TABLE 3.4. TRANSIENT CONDITIONS IN TNT 


Diameter Di Number 
(cm (m/sec) Si(cm) Ds (m/sec) Ss(cm) D, (m/sec) Initiator of shots 
A. Fine-grained, loose TNT (р = 0.8) 
4.9 1,400 5.3 3,500 8.1 4,335 Knotted **Primacord" 11 
7.6 3,400 6.8 4,225 11.4 4,390 Knotted ‘‘Primacord’’ 
В. 50% fine, 50% coarse (—6+8 mesh) TNT (р, = 1.12) 
2.5 1,240 1.6 1,940 9.2 2,2401 Knotted ‘‘Primacord’’ 1 
2.5 2,500 13.0 2,750 17.0 4,200 Knotted ‘‘Primacord”’ 1 
2.5 1,830 5.0 3,200 18.2 4,960 Knotted ‘‘Primacord’”’ 2 
4.8 2,070 5.0 3,190 7.4 5,150 Knotted ‘‘Primacord”’ 5 
C. Cast TNT 
5.0 5,200 6.9 6,000 Tetryl pellet 


2.5 cm (d) x 2.5 cm (L) 


S = distance from initiator; subscript 1 = initial regime; subscript 2 = second regime; subscript 


s = stable regime. 
t Not yet stabilized. 


by the contour with the charge axis. That on 
the right shows (1) the intermediate order at 
& velocity of 4,700 m/sec., the contour angle 
being 25? indicating considerably more re- 
action and higher pressure than in the low- 
order regime, and (2) the normal high order 
at 6,700 m/sec. and a contour angle of 45°. 
The transition from intermediate to high 
order occurred at 9 cm from the initiator in 
this case. The light associated with the low- 
order detonation is so low in intensity that 
one cannot always observe the trace in this 
region without resorting to special means of 
intensification, such as a thin layer of salt 
or EDNA on the side of the charge across 
the camera slit in streak photography and 
front lighting in framing photography. The 
slightly increased diameter with distance 
behind the shock front, corresponding to the 
5° contour angle, however, betrays this 
regime. It has been seen, on streak-camera 
traces, to undergo a sudden transition to the 
intermediate regime in some cases. Usually, 
however, one has difficulty in regulating the 
booster size carefully enough to observe this 
low-order regime and the transition from it 
to the intermediate and finally to the high- 
order regime. 

While an intermediate regime has ap- 
parently been observed only in TNT, the 
low-order one with very little chemical re- 
action occurring in it may be observed in 
other cast explosives, including Composition 
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B, by employing threshold boostering. This 
low-order wave may then undergo decay 
and disappear, although under appropriate 
conditions it may undergo sudden transition 
to normal high-order detonation. Poulter 
has made use of this phenomenon to improve 
the performance of shaped charges. 

The irregular curves of Figure 3.14 illus- 
trate another type of velocity transient ob- 
served in loose, mechanical 80/20 AN-TNT 
mixtures also by Allen, Cook, and Pack. 
The transient illustrated by these results 
appears to be а combination of two types, 
namely (1) that encountered in TNT, 
EDNA, and tetryl consisting of velocity 
discontinuities, and (2) a smooth velocity- 
distance acceleration usually lasting about 
three to four charge diameters and associated 
directly with nonideal detonation. The tran- 
sient in 50 per cent coarse, 50 per cent fine, 
loose TNT was much like that in the 80/20 
AN-TNT mixture except that transitions 
were more pronounced and the smoothly 
accelerating region less pronounced than in 
the latter case. 

АМ-ВОХ (90/10) was studied by Allen, 
Cook, and Pack. This explosive exhibited a 
smooth, slowly increasing velocity transient 
from the point of initiation until the final 
constant velocity was reached. There was 
no tendency for sudden transitions as in the 
case of TNT and the AN-TNT mixture. 
Measurements of the length of the velocity 
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Figure 3.13. Transients in cast TNT. 


transient observed with this explosive in 
diameters from 7.5 to 25.4 ст showed that 
detonation stabilized at a distance Lp from 
the point of initiation of 3.5 + 1.0 charge 
diameters. The smoothly accelerating wave 
propagation, stabilizing eventually at about 
three charge diameters from the point of 
initiation, is a common one for nonideal 
explosives. It is discussed theoretically in 
Chapter 6. 
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Another transient which, except as masked 
by other more important transients, prob- 
ably exists in all ideal explosives initiated 
by threshold detonators or boosters, is 
illustrated by results obtained also by Allen, 
Cook, and Pack for granular RDX of 
—65+100 mesh particle size. In five shots 
in 2.5-cm-diameter charges, they observed a 
transient lasting from 1 to 3 cm and ranging 
in velocity from 5,525 m/sec at the begin- 
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Figure 3.14. Velocity-distance relations in 80/20 AN-TNT. 


ning to 6,180 m/sec at the end of the tran- 
sient. In 4.8-cm (d) charges the transient 
observed in 10 shots lasted from 2 to 6 cm 
and showed a velocity increasing from 5,840 
m/sec at the beginning to 6,235 m/sec at 
the end of the transient region. These tran- 
sients were observed using a 34-in.-diameter, 
}4-in.-thick, C-4 booster separated from 
the charge by a 0.0005-in. saran sheet. 
Finally, Figure 3.15 shows a streak-camera 








10 1900 m/sec 
#0 13 diameters 
$ 30 
c 
$ 4 2710 mAec 
g 
i 27 m/sec 
ш м | 
I 
= 5130 m/sec 
Figure 3.15. Velocity trace for coarse, low- 
density TNT. 
Google 


trace from —8+10 mesh TNT shot in 7.6-cm 
diameter at p; = 1.01. The charge was initi- 
ated with 114 g of loose tetryl (p; = 1.05) 
in а 7.61 (d) by 2.7-cm (L) charge. The un- 
usual hook at the beginning of the trace is 
associated with a small radius of curvature 
of the wave front and initiation on the charge 
axis. Following this hook is a nearly con- 
stant-velocity region of D = 1,900 m/sec 
extending to 1.3d from the booster. The next 
region extended from 1.3d to 2.7d, and the 
velocity was 2,710 m/sec. At 2.7d from the 
booster the wave underwent another sharp 
transition to a terminal velocity of 5,130 
m/sec, which is close to the ideal velocity 
for TNT at this density. This result was 
duplicated with corresponding velocities of 
Di = 1,600, р. = 3,450, and D; = 4,760 
m/sec, and transitions at (1) 0.9d and (2) 
2.04. When a 50-50 cast *"Pentolite" booster 
2 in. (d) x 3 in. (Z) was used, no velocity 
transient was observed, probably because 
the normal transient was eliminated by over- 
boostering. In two cases, however, striking 
velocity-decay records were obtained. In the 
first case (—8+10 mesh TNT in 7.6-cm di- 
ameter at p; — 1.02) the initial velocity was 
2,200 m/sec and decayed to 1,320 m/sec 
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at 45.6 cm from the booster consisting of 
114 g of loose tetryl. In the second (—4+6 
mesh TNT at p; = 1.01 and d = 4.8 cm 
shot with a 2 in. (d) x 3 in. (L) cast ‘‘Pento- 
lite" booster) the initial velocity was 4,440 
m/sec, and at L/d — 6.7 it had decayed to 
1,400 m/sec. This striking result, associated 
with the fact that the detonation wave was 
propagating near the critical diameter, is 
illustrated in Figure 3.16. 


The Jumping Detonation 


Figures 3.17a, b illustrate another tran- 
sient detonation phenomenon that occurs in 
relatively insensitive explosives detonating 
at a velocity below theacoustic velocity of the 
charge itself. In the Tritonal example the 
5-cm-diameter charge was photographed at 
2.08 usec/frame in its own light using а 5 
em (d) x 2.5 cm (Г) pressed tetryl booster. 
It propagated about 10 usec at low velocity 
and then suddenly developed high-order 
detonation about one charge diameter ahead 
of thelow-velocity wave. The high-order det- 
onation then propagated both forward and 
backward, the reverse wave colliding on 
frame 10 with the low-order wave, the col- 
lision region being evident on all later frames. 

Explosive 5 was detonated in 12.5-cm 
diameter with а 160-g cast ''Pentolite" 
booster on frame 9 of a 23-frame sequence 
taken at 4 usec/frame. On frame 17, after 
detonating 32 usec, one could observe in the 
front-lighted charge а new wave appearing 
on the right side of the charge about 1.2 d 
ahead of the initial, low-velocity wave. On 
the next frame, 18, the wave had emerged 
completely, and on frame 21, 16 usec after 
it made its first appearance, it was well 
developed but had not yet joined the initial 
wave. 

Figure 3.18 shows two streak-camera traces 
of detonation of two additional explosives 
exhibiting peculiar detonation transients. 
In Figure 3.18а the same phenomenon shown 
in Figure 3.17 occurred in which detonation 
first propagated low-order and in this case, 
after 70 usec, a new high-order wave ap- 
peared again ahead of the low-order wave. 
The high-order detonation wave then 
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120 


Figure 3.16. Slowly decaying detonation in 
coarse, low-density TNT. The lower trace on this 
film is the result of a double exposure. 





traveled 17 cm (at an irregular velocity) at 
about 6,400 m/sec apparently through a pre- 
cursor shock and then, after emergence from 
the precursor shock, changed abruptly 
to its steady value of 5,400 m/sec where it 
stayed for the remaining approximately 40 
cm of propagation. 

In Figure 3.18b the 94/6 AN-fuel oil mix- 
ture may be seen to have propagated the 
entire length (90 cm) in a quasi-steady but 
actually pulsating manner. The average 
velocity was 2,540 m/sec, and the trace is 
superficially straight. However, careful 
examination shows the velocity to follow 
approximately a sine wave form in which it 
fluctuated nearly sinusoidally about 30 per 
cent from the mean, with a wave length of 
about 45 cm. It is possible, as a matter of 
fact, that the detonation in this case was 
actually a helicoidal or spinning detonation, 
and that the (apparent) pulsations in ve- 
locity may really have been merely the wave 
rotating around the axis of the charge. Fur- 
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10 


Figure 3.17a. 





ig 2! 


Figure 3.176. 


Figure 3.17. The jumping detonation (a) in Tritonal and (b) in (classified) explosive 5. (Frame num- 
bers given at lower left.) 


ther work will thus be required to resolve ing detonation, illustrated in Figures 3.17 
the nature of this currently commercially and 3.18a, are evidently similar to those de- 
popular 94/6 AN-fuel oil mixture. scribed in the next chapter and in Chapter 8 

The conditions responsible for the jump- for propagation of detonation through inert 
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Figure 3.18. 


media such as glass and steel in which the 
shock wave first outruns the reaction and is 
then suddenly overtaken after the chemical 
reaction has finally built to a critical stage in 
which a heat pulse is able to propagate. 


Recapitulation of Observed Transient 
Phenomena 


To summarize, the following types of 
metastable and transient wave propagations 
have been observed: 

(1) Low-order (metastable) detonation. 
This type is common in NG and gelatin 
dynamites. 

(2) Constant low-order wave propagation 
suddenly undergoing a sharp or discontinu- 
ous transition to normal, high-order detona- 
tion, as observed in tetryl and EDNA 
(definite transition distance) and sometimes 
in NG and gelatin dynamites (irregular 
transition distance). 

(3) Successive sharp transitions from low- 
or constant- (or nearly constant) velocity 
regimes to regimes of higher- (constant or 
nearly constant) velocity propagation. Ob- 
servations of this type have so far been 
limited to TNT. 

(4) Smoothly accelerating velocity tran- 
sient which finally stabilizes at L/d = 
1.0. This type is associated with nonideal 
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Figure 3.18. Streak-camera traces: (a) Tran- 
sient detonation in explosive В (classified) in a 
12.5-cm-diameter charge (taken at 0.64 mm/usec; 
53.3 cm between tapes). (b) Irregular detonation 
in 94/6 AN-fuel oil in a 12.5-cm-diameter charge 
(at 0.64 mm/usec). 


detonation in point-initiated charges. It is 
illustrated here by 90/10 AN-RDX. 

(5) Combinations of type (2) or (3) and 
type (4). This type has been observed in 
50/50 coarse-fine TNT and in 80/20 АМ- 
TNT, the former with type (2) or (3) pre- 
dominating and the latter with type (4) 
predominating. 

(6) Smoothly accelerating velocity tran- 
sients stabilizing in less than three charge 
diameters. This type is associated with point 
initiation in ideal explosives. It is illustrated 
by fine, granular RDX. 

(7) Decaying velocity sometimes result- 
ing eventually in failure. This occurs in ex- 
plosives strongly boostered below the critical 
diameter, or similarly by overboostering of a 
low-velocity explosive. 

(8) The jumping detonation. 
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CHAPTER 4 


THERMOHYDRODYNAMIC THEORY AND 
MECHANISM OF DETONATION 


Thermohydrodynamic Theory 


Detonation waves were first observed by 
Berthelot and Vieille? and by Mallard and 
Le Chátelier" in 1881. Schuster" is given 
credit for the recognition of their similarity 
to the impact waves of Riemann,“ Ran- 
kine,” and Hugoniot.” Chapman’ was the 
first to apply the Riemann and Rankine- 
Hugoniot relations to the determination of 
the velocity of detonation. A more detailed 
analysis and discussion of the relations as 
applied to detonation was carried out later 
by Jouguet," both Chapman and Jouguet 
realizing independently the fundamental 
necessity for postulating the condition 


D=W+C (4.1) 


to obtain a complete solution for detonation 
waves. Equation (4.1) is known as the 
*Chapman-Jouguet postulate.” It may be 
expressed alternately by the relation 


— (рз — р1)/ (1 — v) 4.2 
= (dp:/dv:) m = (dp/de)g ^^ 


which states that the tangent to the Hugo- 
niot curve at point (р: л) or point С (Fig- 
ure 4.1) from the initial state (pi ,"1) or point 
A corresponds to stable detonation, and that, 
at the point (ps,v;) of the Hugoniot curve, 
the dynamic adiabatic and the ordinary 
(static) adiabatic curves coincide. Crussard!' 
also gave a comparable treatment. Dixon" '* 
provided experimental data that showed 
the quantitative application of the hydro- 
dynamic (frequently referred as the thermo- 
hydrodynamic) theory of detonation in det- 
onating gases. Becker! gave а critical 
review of the theory and contributed a 
fundamental understanding of the forma- 
tion of detonation waves. Schmidt” applied 
the theory in quantitative treatments of 
condensed explosives, but his work con- 
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tained a fundamental error. It was not until 
early in World War II that the theory was 
extended satisfactorily to condensed explo- 
sives. Independent developments were car- 
ried out by Kistiakowsky and Wilson," 
Cook,” Jones," Ratner,” Caldirola,’ and pos- 
sibly others. Each used either a different 
equation of state or an equivalent one in a 
different form, but all derived detonation 
properties which, except for detonation tem- 
perature, were in surprisingly good agree- 
ment. The detonation pressures (and particle 
velocities) have since been measured directly 
(cf. Chapter 2, Reference 24) for some ex- 
plosives and shown to be in agreement 
with the calculated pressures, and there now 
remains little doubt regarding the applica- 
bility of the thermohydrodynamic theory to 
condensed as well as to gaseous detonating 
explosives. Only the nature of the equation 
of state that should be applied to condensed 
explosives in the application of the theory 
remains in doubt, but even this is sufficiently 
well known for most practical applications 
except for the calculated detonation tem- 
perature, T; being strengly dependent upon 
the form of the equation of state adopted. 

Conservation of mass, momentum, and 
energy, applied to the steady-state (con- 
stant-velocity) detonation wave gives the 
relations (complete developments in Ap- 
pendix II). 


D? = vi (ps — р!) / (в — i) (4.3) 
W: = (и — 93) (р: — p) (4.4) 
Е, — E, = 4(р + pi) (vı — 02) (4.5) 


If now one adopts а general equation of 
state in the form 


ро = nRT + а(Т,о)р (4.6) 


then from the C-J conditions [Equation 
(4.1) or (4.2)] and the second law of thermo- 
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Figure 4.1. The Hugoniot dynamic adiabatic 
curve. 


dynamics for adiabatic conditions, TdS = 
CAT + [р + (dE/dv)r]dV = 0, 


_ PP (2) _ lm 
Hi 


Vi — U2 дуз 9: — 


(4.7) 


where 


С, + nR да nR [dE 
= —— - { — — 4. 
, C, (=), $ C.p2 (2 ) ( 9 


By substituting Equation (4.7) in Equations 
(4.3) to (4.5), one then obtains for condensed 
explosives [where in general p» >> p; and the 
variation of n with р; (ог рз) is neglected] 


D-w(n — a)™ (B + 1)8-"!(nRT:)"3 (4.9) 
W = (nRT;3587* = (E. — E)v24* (4.10) 
Т, = (© + T,C)8/(8C, — nR) (4.11) 


In computing the thermohydrodynamic 
properties of explosives, one requires, in ad- 
dition to Equations (4.6), (4.9), (4.10), and 
(4.11), the composition of the products of 
detonation from which to obtain Q, C, , and 
n in Equation (4.11) from 


C, - Z "Cy , 





п = Ум, 
i 
Q = Z niQs — AH; 


where subscript i refers to the ith component 
of the (product) mixture and AH; is the heat 
of formation of the explosive. This problem 
may be handled thermodynamically by in- 
cluding in the simultaneous solution of 
Equations (4.6) to (4.11) the equations de- 
fining the products through the appropriate 
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equilibrium constants. For the general equa- 
tion of equilibrium“ ? 


nA, + пАз + oe mB, + mB, + eee (4.12) 


the thermodynamic equilibrium constant is 
K,(T) = faf ++ fof С: 


=s 413) 
i j 


Using the definitions! a = v — a and К; = 
K,(1.2181/T) ^'... 
Ду = > п; — > т; 
i i 
one obtains finally (through the thermody- 
namic relations defining fugacity as shown 
in Appendix II) 





Ac 
K; wes -âr ex А» [ а 
'"nss^ Pl arts у, * 
1 
я (4.14) 
II 4j 
= t rni pôr 
mB” 
1 
where 


a7! 
F = аі exp Í ada) (415) 
(Tables of thermodynamic data necessary to 
apply these equations are given in Appendix 
II.) The complete solution of the thermo- 
hydrodynamic theory for condensed explo- 
sives may then be effected in principle by a 
simultaneous solution of Equations (4.6) to 
(4.15), inclusive, providing all equilibrium 
constants of Equations (4.12) to (4.15) are 
known, together with the necessary heat 
data. However, in actual fact this applica- 
tion of Equations (4.6) to (4.15) requires 
that a(T,v) be more explicitly defined. 


Equation of State in Detonation of 
Condensed Explosives 

Halford, Kistiakowsky, Wilson, and 
Brinkley" ” employed an equation of state 
given by substituting in Equation (4.6) the 
relation 

a(T,v) = пЕТохем /р: ; 
т = k(T + а)! 


(4.16) 


THERMO-HYDRODYNAMIC THEORY AND MECHANISM OF DETONATION 


They adopted initially the values a = —}, 
b = 0.3, and 4 = 0. Later they changed to 
a = —}. The covolume constant k was taken 
as an additive covolume constant by sum- 
ming the values for each type of molecule, 
each of the separate constants making up k 
being adjusted empirically to obtain the best 
general agreement between observed and 
computed velocities. Thus k = ^ zik, 2; 
being here the mol fraction of component 7 
in the products of detonation and k; a spe- 
cific covolume constant for each of the 
species. Fickett and Cowan, however, 
treated all the constants (a, b, d, k, and the 
ks) in the K-H-W-B equation of state as 
adjustable in an effort to obtain a set which 
would give agreement with the experimental 
data for five related explosives. Despite the 
great freedom allowed with such a large 
number of empirical constants, they were 
unable to obtain completely satisfactory re- 
sults. Moreover, evidence is presented below 
indicating that this equation of state may 
lead to an internal energy and internal pres- 
sure of excessive magnitude. 

The author adopted the covolume ap- 
proximation 

a(T,v) = a(v) (4.17) 

Later he and his associates’ studied carefully 
the equations of state obtained by taking, 


a(T,v) = v(1— е) 


4.18 
z= K(v)To al 


employing various values of с and the “їп- 
verse method,” i.e., by making use of ex- 
perimental velocity data, to evaluate the 
function K(v). This equation of state, by ad- 
justment of the с constant, can be made as 
nearly like any of the special forms employed 
by the various investigators as is desirable 
and thus is able to bring out the particular 
characteristics of each of those special forms. 
Thus, by taking с = —0.25, this equation of 
state closely resembles the H-K-W-B equa- 
tion of state; for c — 0, it becomes equivalent 
to the a(v) approximation; for c = 0.1, it 
corresponds to an (unreal) equation of state 
with an attractive instead of repulsive po- 
tential, etc. The object of this study was to 
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determine systematically, the influence of 
changes in the internal pressure p; and cor- 
responding internal energy E; on the calcu- 
lated detonation properties. The main con- 
clusions of this work were: 

(1) Only the detonation temperature Тз is 
influenced sufficiently by reasonable differ- 
ences in the form of a(T',v), leading to rela- 
tively large differences in р; , to allow one to 
determine, from the hydrodynamic theory 
and experimental measurements, the correct 
form of a(T,v). In this equation one obtains 


-@) 


xe (4.19) 
= CZp: + p:T sn (=) = pcr 

(2) Perhaps the best possible approach 
toward finding the true equation of state 
would therefore be a thorough empirical 
study of the Т» versus p; relations for differ- 
ent explosives. The direct measurement of 
detonation temperatures not as yet being 
possible, it was suggested that a careful 
study of reaction rates of explosives in deto- 
nation might, by application of fundamental 
principles of absolute reaction-rate theory, 
provide Тз(р1) or at least (dTs/dpi)(p), the 
latter being all that is really required to es- 
tablish the correct form of а(Т,) as shown 
in Reference 9. This approach, discussed in 
Chapter 6, has since been shown to favor the 
a(v) approximation. 

That the approximation Equation (4.17) 
may be the correct one is indicated in addi- 
tion by the close agreement of.all computed 
a(v) curves obtained in solutions of the hy- 
drodynamic theory using this approxima- 
tion, together with experimental velocity 
data to derive a(v). This situation is illus- 
trated in Figure 4.2.” 

Various others, including Paterson,” Rat- 
ner,” Caldirola,! Murgai,” and Morris and 
Thomas," have investigated the a(v) ap- 
proximation. Paterson's and Morris and 
Thomas’s investigations were of particular 
interest since they used the Eyring free- 
volume theory of liquids (Hirschfelder- 
Roseveare) to arrive at а theoretical form for 


PusoRT +К (р 
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Figure 4.2. Correlation of explosives by a(v) equation of state. 


a(v) with the benefit of only one (semi)- 
empirical constant, namely the van der 
Waals b. They obtained surprisingly good 
agreement between calculated and observed 
detonation velocities for several explosives 
at densities up to about 1.2 g/cc. At higher 
densities the agreement was somewhat less 
satisfactory. Even so, it was still much better 
than has yet been obtained with any other 
theoretical equation of state without adjust- 
able constants. For example, Murgai,” 
Paterson and Davidson,“ and Kihara and 
Hikita” were unable to obtain anywhere 
near as good agreement in PETN and other 
explosives using the Lennard-Jones—Devon- 
shire“ equation of state. 

Cowan and Fickett'* stated that since the 
a(v) equation of state does not provide for 
any potential energy (ie., p; = 0), it “сап 
hardly be physically accurate since the 
densities concerned are greater than those of 
the undetonated solid explosive." This is 
correct in principle, as the author pointed 
out in the initial application of the a(v) ap- 
proximation.’ However, in comparisons with 
the total kinetic enthalpy in detonation 
[Q + e, where e = $. (p + ри) (и — v) this 
potential energy appears to be small enough 
that the a(v) approximation remains a fairly 
good one. Molecules of the type involved in 
the products of detonation generally have 
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closed or completed shells and subshells. The 
electron orbitals are accordingly hard enough 
so that they undergo relatively little kinetic- 
energy increase under pressures up to 2.10° 
atm." One may turn to solid-state physics to 
estimate the internal pressure and energy of 
gases at the C-J plane on the basis that det- 
onation products at 2.2 g/cc should resemble 
covalent solids, such as diamond, in regard 
to the increase in kinetic energy under in- 
creased pressures. One should thus have 


в, = — | sav. = [vmm «v n 


for the internal- (kinetic) energy increase due 
to an applied pressure (where У is the 
molecular volume and f, is the compressi- 
bility at atmospheric pressure). For diamond 
В = 1.8.107 atm '. At 200 kilobars Е; in 
diamond is less than 45 cal g . This value, 
which is expected to be of the same order of 
magnitude as E; in detonation, is to be com- 
pared with а representative value of about 
1,500 cal g ' for the total kinetic enthalpy in 
detonation. From arguments of this type 
and others, it appears that the internal 
energy should amount to no more than 3 per 
cent of the total kinetic enthalpy in detona- 
tion at 250 kilobars, since it is unlikely that 
the СО», H;, H:O, CO, N:, and similar 
molecules (exclusive of their van der Waals 
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shells) will be much softer than diamond and 
similar covalent crystals. 

In further support of this conclusion, 
Cowan and Fickett showed that the detona- 
tion pressures computed by the author using 
a = a(v) were in closer agreement with the 
experimental pressures of these investigators 
than their own or any others listed for RDX, 
and were of comparable agreement in TNT. 
In fact, the difference between computed (by 
the author) and observed pressures could be 
corrected by only a 1 per cent (80 m/sec) 
higher detonation velocity in RDX and a 2 
per cent (140 m/sec) higher velocity in TNT. 
The agreement in calculated versus observed 
pressures is much less satisfactory when the 
parameters in equations of state with high 
р; are used and parameters adjusted to give 
agreement in D and dD/dp, . The situation 
is, however, quite good in p; — 0 equations 
of state; when the calculated and observed 
D and dD/dp, data are in good agreement, so 
also are the calculated and measured pres- 
sures by the a(v) equation of state. (How- 
ever, the interpretation of free-surface- 
velocity measurements upon which Cowan 
and Fickett based their considerations ap- 
pears incorrect, as discussed in the next 
chapter.) 

The Jones equation of state 


a(T w) = f(p)p 


like Equation (4.6) may be considered to be 
a general one. Moreover, if f(p) is found by 
use of the inverse method, Equation (4.20) 
should prove to be quite satisfactory, pro- 
viding а sufficiently flexible form of f(p) is 
chosen. That ів, as in the a(T,v) form it still 
becomes necessary in practical applications 
to define f(p) explicitly in order that one may 
evaluate Q, C, , С, , n, and the K,’s in Equa- 
tions (4.6) to (4.15). Jones and Miller” 
adopted the form 


Јр) = b + cp + dp! 


for TNT, obtaining as the empirical соп- 
stants the values b = 25.4, c = —0.104, 
d = 2.33-10`* (p in megagram cm ? and v in 
em’ mol`’). Equation (4.20) gives for the in- 


(4.20) 


(4.21) 
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ternal energy Е! and the ratio p;/p the equa- 
tions 

—Ei = cp!/2 + 2dp!/3 

pi/p = (cp + 2dp*)/(v — b — 2cp — 3dp!) 


From this equation, using the Jones and 
Miller parameters for TNT, p; is zero at a 
pressure p(= —c/2d) of 223 megagram em" 
and negative for smaller pressures. E; is zero 
at p = 334 megagram стг“. Also | p; | ва 
maximum at about 100 and | E;| a maxi- 
mum at 223 megagram cm ^. | E;| = 440 
cal g ! at р, = 1.6 в cm * and about 94 cal 
Е ‘ар: = 1.0 к cm *. This compares with 
total kinetic enthalpy (Q + $p:(vı — v2) or 
О + e) values of about 1,555 cal g ! at 
pı = 1.6 and about 1,400 at o; = 1.0 g em *. 
Hence E;/(Q + e) is about 0.3 and 0.07 for 

= 1.6 and 1.0 g cm *, respectively. The 
heat capacity C, in this equation of state is 
given by 


C, * с; + (ӘЕ,/ӘТ), 


which, from Equation (4.21), becomes 


R cp + 2dp* 
* P LN MR] EOD REL Lm pM 
Gee n (: AIL) 


Hence С, * 1.1 Cy and 1.065 C? ate; = 1.6 
and 1.0 g cm *, respectively. 

As mentioned above, & number of at- 
tempts have been made” ™ “ or are being 
made™ to apply the Lennard-Jones-Devon- 
shire equation of state in the hydrodynamic 
theory of detonation. This equation of state 
corresponds to the potential Е; = Аг” — 
Br where A, B, m, and n are semitheoreti- 
cal constants at least two of which may be 
obtained from equilibrium considerations 
and compressibility data. In these attempts, 
however, one should not overlook the fact 
that this equation, while having some funda- 
menta] justification in solid-state physics, is 
itself entirely empirical, especiglly when ap- 
plied to gases. Kihara and Hikita's" calcu- 
lated detonation velocities using the Len- 
nard-Jones-Devonshire equation deviated 
so far from the observed velocities as to lead 
them to suspect that detonation is quite 
generally nonideal. There is, however, ample 
evidence that this is not the case; their diffi- 
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culty may be attributed instead to the equa- 
tion of state itself and seems to show that 
this equation may not be a satisfactory one 
for use in the thermohydrodynamic theory 
for condensed explosives. 

Cottrell and Paterson” introduced an 
equation of state with an internal-energy 
term W = Nw(v); wv) = Xv? where X is 
an adjustable parameter and N is the num- 
ber of molecules. Superficial agreement of 
this internal-energy function with one found 
by Cottrell for Н; and with Jones’ quanti- 
tative plot of E; versus v for PETN were 
used as the basis for this approximate in- 
ternal-energy function. The equation of 
state ро = 3nRT + 2Xv ^, based on an ap- 
proximate use of this function applied to 
PETN, gave only order of magnitude agree- 
ment of calculated and observed velocities. 
The exact application of it, however, led to 
rather good agreement in these quantities 
and, moreover, gave quite reasonable pres- 
sures. One cannot, of course, accept this as 
more than superficial justification for C-P’s 
equation of state. Actually the Jones Е; 
versus у plot was considered by him as по 
more than a rough approximation. In fact, 
Jones pointed out the impossibility of evalu- 
ating his f(p) from velocity data and the 
hydrodynamic theory alone. Hence an 
energy function having the same form as 
Jones’s approximate result is still without 
theoretical foundation. Furthermore the 
theoretical potential function for Hy should 
not apply to molecules like those that pre- 
dominate in detonation of C-H-N-O ex- 
plosives (СО, , CO, Hs , H:O and Nə); Hi 
has & single-electron bond, whereas all of 
these have paired-electron bonding. In the 
realm of pressures of interest, solidlike E;(p) 
potentials might be expected to apply, and 
the difference between Hi and these mole- 
cules would then be more like that between 
metals and covalent solids; in metals the 
compressibility is ап order of magnitude 
greater than in covalent crystals. 

Jones" showed that one may make close 
estimates of рг, W, v; by an application of 
the hydrodynamic theory of detonation 
without the use of any particular equation of 
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state. He showed that p; and v; (or W) may 
be obtained directly from experimental 
D(p:) data by use of the following equations: 


dD 
рз = Шз. 7 [е + a’) (: + 3 A (4.22) 


— | = 1/2 + а) (: + Б 2] (4.23) 


where 
xe [Bes aT 
р \9/, 


(4.24) 
m EL 
E 


1 
| 
апа 


y = — (ð log р:/д log v:i)s = vs/(v1 — 02) (4.25) 


Actually the variable a’ [Equation (4.24)] 
has in it all the equation-of-state character- 
istics, but it has a small enough magnitude 
(according to Jones 0 < a’ < 2) that its 
omission leads to (upper-limit) values of рз 
and v. not much higher than the actual 
values. Table 4.1 shows actual values of a’ 
computed by various investigators using 
different equations of state for PETN. In all 
cases it will be seen that 0 < a’ < 0.65. One 
might therefore arbitrarily take a’ to be a 
constant of average value say 0.25 to esti- 
mate values of p, v2, and W. In the a(v) 
approximation а’ becomes (C,8/nR — 1)". 
Since a(v) is approximately the same func- 
tion for all CHNO explosives and 4 < 
C,/nR < 6, one may easily apply the Jones 
equations with a reasonably good estimate of 
a’ to obtain rather good values of p:, їз, 
and W by making only а rough evaluation 
of C, and using the general a(v) relation 
for 8. 


The Chapman-Jouguet Postulate 


Like the laws of thermodynamics, the 
C-J postulate rests entirely on the fact that 
it agrees with experimental observations. 
No complete theoretical proof of it has been 
given. However, the considerations which 
led to the adoption of this postulate provide 
the same intuitive feeling for it that exists 
for the laws of thermodynamics. We shall 
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therefore present these arguments, following 
closely presentations already given.” ** 

Differentiation along the Hugoniot curve 
gives (vı — vs) dp — (pı + p3): dv, = ?аЕ,. 
Hence from the first and second laws of 
thermodynamics for equilibrium (7,15 
dE; + раз), it follows that 


== — 
доз /н‹ 2T. \аљ/н v—n 
Hence S must have extreme values at the 
points of tangency from point A (correspond- 
ing to л, pı) to the Hugoniot curve, i.e., if 
the condition of Equation (4.2) is to apply. 


Squaring Equation (4.3) and differentiation 
gives 


(2) - vi (2), р: — pı 
dvr] ni T 2D(v — v) Mu Куд 0 — Us 
Now, if it is assumed that dD/dv, — 0, then 
Equation (4.2) applies and, from Equation 
(4.26), (dS3/dv2) s, = 0 at the point where 
(dD/dv2) x: = 0. 

Equation (4.26) holds at the point C of the 
Hugoniot curve (Figure 4.1). Therefore, to 
justify the use of Equation (4.2), the stable 
detonation process must be associated with 
the point C. The condition of tangency at 
з > vı does not correspond to detonation 
because it would lead to velocities several 
magnitudes too small; some have assumed 
that this point of tangency corresponds to 
explosive deflagration. However, explosive 
deflagration is not a steady phenomenon. 
Chapman considered that the point C of 
tangency represented by D = v; tan’? 0 (0 = 
the angle made by the Rayleigh line with the 
volume axis) represented а maximum en- 
tropy point, however, Jouguet showed that 
it is actually à minimum entropy point along 
the Hugoniot curve. This was shown by 
Becker as follows (see also Reference 5): 

Designate the slope at рз, vz of the adia- 
batic curve as $ and for the Hugoniot curve 
y. Then 


TdS = dE + pdv, 


о» 





(4.26) 


(4.27) 
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TABLE 4.1. VALUES ог JONES’ a’ гов PETN 
FROM VARIOUS EQUATIONS ог STATE 


(g/cc) Equation of State (m/sec) y’ Mm а’ 

1.0 | а = a(v) 5,620 | 1.625 85 | 0.26 

1.6 |a = a(v) 7,720 | 1.726| 225 | 0.43 

1.0 | а = a(v)t 5,550 | 1.708} 80 | 0.23 

1.6 | а = a(v)t 7,905 | 1.793| 218 | 0.53 

1.0 | а = a(v)t 5,550 | 1.708 78 | 0.29 

1.6 | а = a(v)t 7,905 | 1.793| 208 | 0.65 

1.0 | H-K-W-B |(5,550)| 1.708| 83 | 0.15 
[Eq. (4.16)] 

1.6 | H-K-W-B (7,905)| 1.793| 218 | 0.53 
[Eq. (4.16)] 

1.0 | H-K-W-B (5,520) 1.670] 83 | 0.17 
(Eq. (4.16)] 

1.6 | H-K-W-B (7,800)! 1.760] 218 | 0.50 
[Eq. (4.16)] 

1.0 | Cottrell and | 5,520 | 1.670] (88)| 0.05 
Paterson 

1.6 | Cottrell and | 7,800 | 1.760] (240)| 0.27 
Paterson 

ey = 2142 
ыа dp. 


t Computed by Keyes et al.** for usually as- 
sumed products. 


t Computed by Keyes for usually assumed 
products plus CH;OH and СН:О: (see Ap- 
pendix II). 


Hence 


(2), ---[8) +9]/(2), «= 


For the Hugoniot curve 


dE = (2), dv: + (E =). dp: 
= j(v — v)dp: — 4 (ф: + р)» 


By adding and subtracting pdv; to the 
right side of the equation and collecting 
terms, one obtains 


Е 1 
(2), TP-— 2 (p — p) le 
9Е 
+(@). 


= > (v, — » le -0 
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Hence 
Fa 
- K, + р: – ; (рг — »]/ (4.29) 
(8). 1-9] 
Then 


@—v = (р: — p) — (n —v2ol/ 


[8-14 
(8.-6). 0.09. 


ðE 
~«- (2), 


The extreme value of S comes at C, as shown 
by Equation (4.26). To determine whether 
this is a minimum or a maximum, a second 
derivative is taken at point C. (9Е/9дрз), — 
(vı — v2) is positive (otherwise у would be 
infinite at some point). The sign of 
(d'S/dv)ag, at C is the same as for 
d/dv{(p2 — р) — $$ — в)] =Ф-У- 
(9%/ди:) (v. — 1). But at these points 
Ф = y and (4/4) =  (de/dw)s = 
— (@р/4)з. Now $ decreases as v: in- 
creases, hence (d$/dv;) s is negative. The sign 
of (205/0) к, is therefore the same as 
(vı — vz). Hence entropy із a minimum at C. 

According to Ѕсогаћ, the C-J postulate 
may be justified by the “principle of degra- 
dation of energy” which he claimed requires 
that the stable detonation must proceed at 
that speed for which the degradation of 
energy is a minimum. This corresponds to 
the point where the stable velocity is a mini- 
mum. Scorah gave 


de _ Т. 48: 
аљ А, dv: 
(4.30) 
E Та (8: — S) dm p m -0 
2A (n — v) Ms п-и 


where А, is the available energy fed into the 
wave, T, is the reference-state temperature, 
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and р! is the ratio of degraded to available 
energy. Hence, from Equation (4.26), one 
obtains —(dp:/dv2) = (p — рл — їз) at 
the point of stable detonation, in which case 
dD/dp: = 0. This is the minimum velocity 
point, as is obvious from Figure 4.1, and 
corresponds to point C on the v: < v; branch 
of the Hugoniot curve. These arguments of 
Scorah, while plausible, do not seem forced 
by fundamental principles. That they are 
quite likely true, however, is justified by the 
observed validity of the condition of Equa- 
tion (4.1). 


The Detonation Reaction Zone in Gases 


While conditions at the C-J plane are ade- 
quately described by the hydrodynamic 
theory when properly applied, the situation 
is much less clear regarding the region be- 
tween this plane and the detonation front, 
namely the (effective) reaction zone. In ideal 
explosives the C-J plane corresponds to the 
end of the real reaction zone, but in nonideal 
ones the reaction may not be completed at 
the C-J plane. Instead, in nonideal detona- 
tion the C-J plane may merely correspond to 
an effective end of the reaction zone at which 
а fraction N' of the explosive remains un- 
reacted. This fraction N' and the position of 
the C-J plane must depend on reaction rate 
and factors influencing the appearance of 
release waves originating at the sides of the 
charge and those moving into the reaction 
zone from the rear. We shall first consider 
the reaction zone in an ideal detonation 
where the C-J plane and the end of the reac- 
tion zone coincide. Then some factors per- 
taining to this zone in nonideal detonation 
will be considered. Of main concern will be 
the N(x), W(x), and C(x) relations in this 
reaction zone, х being here the (reduced) 
distance from the wave front (x = 0) toa 
point in question in the reaction zone. 

Classical treatments dealing with the state 
conditions in the reaction zone are those of 
Zeldovich,? von Neumann," and Doering.” 
The qualitative concept discussed inde- 
pendently by these authors is developed 
analytically by Kirkwood and Wood." 
Briefly, the Zeldovich-von Neumann-Doer- 
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ing concept is that, since chemical reaction 
in a steady-state reaction zone must proceed 
in accord with requirements of conservation 
of mass and momentum along the Rayleigh 
line ABC (Figure 4.1), initiation of the 
chemical reaction in the front of the reaction 
zone must be brought about by a discontinu- 
ous jump from point A, corresponding to 
conditions in front of the shock discon- 
tinuity, to the point B for conditions im- 
mediately behind the shock front. (Implicit 
in this theory is the assumption that heat 
conduction, radiation, and viscosity are 
negligible.) Obviously, as pointed out by 
Zeldovich and von Neumann, chemical reac- 
tion cannot be initiated at the shock front if 
the N,(z = 0) characteristic of the reaction 
zone corresponds to point A. The only other 
possibility seemed to be at the point B, and 
the shock discontinuity at the wave front 
was therefore regarded as effecting the jump 
from point A to point B. This would cause a 
pressure spike in the region between the 
wave front and the C-J plane. Hence this 
theory is frequently referred to as the 
“spike” theory. 

While the arguments of this theory are 
straightforward and convincing, they lack 
experimental proof. In fact, as shown below, 
they seem to be in direct conflict with some 
types of observations. Below are presented 
some fundamental considerations of Cook, 
Keyes, and Filler" which suggest that the 
fundamental Zeldovich-von Neumann- 
Doering theory should be applied not with 
negligible heat conduction in the reaction 
zone, but with rather appreciable thermal con- 
duction. 

The conservation of mass and momentum 
for the steady-state reaction zone of constant 
velocity are given by 

(D — W)/v = D/u (4.31) 
and 
р — р = D'/i — (D — Wy/v» (4.32) 
Defining & reduced pressure P by the equa- 
tion 
Р = p/p: (4.33) 
and solving Equations (4.31) and (4.32) for 
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v — v(z), using the fact that D is the same 
for any characteristic in а steady-state reac- 
tion zone, one obtains 


v = v, — P(v, — 91): + ri(ui — 02) (4.34) 
where 


я: = Р:/(р: — рл); т: = Di/(p: — p) 


Now the state variables p, Т, and v are well- 
defined functions only if one assumes ther- 
mal equilibrium such that they are related 
by an equation of state. But while thermal 
equilibrium has been shown by the success 
of the hydrodynamic theory to apply at the 
C-J plane, one is not sure that it applies 
throughout the reaction zone. Certainly con- 
ditions in the shock discontinuity itself and 
perhaps a few molecular layers inside the 
wave should not be thought of in terms of 
thermal equilibrium. However, it appears in 
final considerations that the reaction-zone 
length is relatively long compared with the 
distance required to establish thermal equi- 
librium, and it is thus assumed that thermal 
equilibrium exists in the major part of the 
reaction zone. Employing the general equa- 
tion of state, Equation (4.6), P may then be 
expressed as follows: 


P = M(n — a3)/(v — a) 


where M = nT/nT;. Substituting for v 
from Equation 4.34, one then obtains 


r-e i +2] + Me 0 
(и — оа) жа т: 0-а 


which may Бе solved for Р giving 


1 vi т 
Te 2 [+ — vr)r⸗ i z] 
1 Uu +" А: 48 М 1/3 
* 2\| rv — 91) r: v-a 


Here 8 from Equation (4.8) has been substi- 
tuted for (ve — а)/ (0 — v2)x2 , all quantities 
in В being measured at the C-J plane. 

Since at the C-J plane P = Р = 1 and 
vı/(vı — v2) > 2 in all known examples, the 
surd of Equation (4.36) requires the negative 
sign at P, = 1. But it requires the positive 
sign at B if the spike theory is correct. Only 
in а special case in which the surd becomes 


(4.35) 





(4.30) 
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zero at the same point that the variable term 
in the surd has a maximum value is it pos- 
sible for the sign of the surd to change. As 
shown below, this turns out to be a serious 
difficulty in the model. 

The equation of conservation of energy is 
explicit in Equation (4.34) through T, and 
we shall therefore express it in the form 


T= (Q + Pe + €,T)/C, 


where Q = Q(N,p,T) = fQ: is the specific 
heat of reaction, C, = C,(N,T) is the aver- 
age (constant-volume) specific heat between 
T, and T, and e is the Hugoniot energy at 
the C-J plane (e = #(р: + p)(n — v), 
terms in (p;/p:) being neglected in the P" 
term. Hence 


M- Čan (Q + Р% + С.Т,)/ С.пН (4.37) 


where Н = Q: + e + С.Т. 

Let us now examine the spike condition 
for gases. Gaseous explosives obey the ideal- 
gas law (a « v), and one may then use the 
identity v,/(v; — v2) = уж, in Equation (4.36) 
to obtain 


P = 4(у+ 1) + (у + 1): — Муг (438) 


where у = C,/C, , the ratio of specific heats. 
As shown above, the boundary condition 
Р, = 1 requires the negative sign for the 
surd at this point. This ensures that P < 
(у + 1)/2 unless M, = (y + 1)*/4yand 





о 1 


Figure 4.3. The P(M) Curve in the spike model. 
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(dM /dN), = 0, where the subscripts apply 
to conditions at P, = (у + 1)/2. Equation 
(4.38) is plotted in Figure 4.3, points A, B, 
and C being indicated on the P(M) curve. 
The spike corresponds again to the line A-B 
and conditions in the reaction zone to points 
on the B-C curve of Figure 4.3. The vertical 
dotted line for M = 1 cuts the curve at the 
points (1,1) and (7,1). The spike model re- 
quires М to pass through the (M-maximum) 
point (coordinates: (y + 1)/2, (у + 1)*/47)] 
on the BCA curve. This occurs at 1.01 < 
M, « 1.02 for y in the range 1.22 to 1.32 
which includes most gaseous explosives. 
Hence 1.0 € M « 1.02 over the range 
1 < P < y. Clearly this imposes very rigid 
P(N) [and therefore P(x)] curves. Thus, if 
the spike theory were correct, the P(z) 
eurve would not be determined by shock- 
wave theory at all but by reaction-rate 
theory, because the P(N) curve is effectively 
fixed by Rayleigh-line conditions and is re- 
lated to the P(x) curve through reaction 
rate. One may investigate these curves by 
differentiating Equation (4.38) with respect 
to N and introducing the reaction-rate law 
through the identity 


dP  dPdz dt — y(dM/dN) 


w "ашата ав 9 


Steady-state condition allows one to define 
the time (т) by the equation 


z 
a, 
= d 
t | ъё 





whereby 


ту 


dt а, 
yh) P 


d D-W 





(4.40) 


From reaction-rate theory 


aN (TFN p Z) 


dt (441) 


Here т’= a,/(D — W,), and a, is the reac- 
tion-zone length, N is the fraction of reaction 
completed (or the fraction of explosive left 
unreacted, depending on how one wishes to 
define N) at a given characteristic plane in 
the reaction zone which must be carefully 
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defined from appropriate reaction kinetics, 
and k’ is defined in the familiar absolute re- 
action-rate form by 

к = á e48 IRe-AHTITR (4.42) 
Here AS! and АН? are the entropy and en- 
thalpy of activation, and k and h are the 
Boltzmann and Planck constants. F(N,p,Z) 
expresses the order of the reaction (its form 
is discussed below), and z is the fractional 
distance through the reaction zone measured 
from the wave front (2; = 0). Equations 
(4.39) to (4.42) lead to the appropriate Р(х) 
equation as follows: 


dP _ y(dM/dN) у" 
dz +1- 2Ру+1-Р 
? ý (4.43) 
= eA8t/Re-AH* /RTF(N p,Z) 


Differentiation of Equation (4.37) with ге: 
spect to N to obtain dM/dN requires a 
knowledge of how Q, C, , and п vary with N. 
Using the equation [corresponding to Equa- 
tion (3.2)] 


V"! = 1 + В; log Урі 
i Pı / Pi TE (444) 
= 1+ B; log ps/ps 


where у may be D, Q, or n and B; and В; are 
constants differing slightly for each type of 
function, makes convenient a study of con- 
ditions in the critical range near the C-J 
plane with a minimum of effort. Since ps /рз 
varies almost the same way as pi /pı , Equa- 
tion (4. 44) also applies with either 
р: /рз ог pi/pi and a slight change in B;. 
We here define N by the equations 


Q = Qx(1 + Bo log P)N = fQ: (4.45) 


n = ni + ((ns — m) + Balog P)N (4.46) 


— 


C, = С, + бА = = T, 


Č, Эт 





(4.47) 


Of all the possible reactions going оп in 
the detonation reaction zone, only one will 
be rate controlling. One may then assume 
that all other reactions are effectively in 


Google 


equilibrium, and N will then also have the 
significance that it measures how far the 
critically slow reaction has proceeded toward 
equilibrium. One may carry through 
thermochemical calculations in the neigh- 
borhood of the C-J plane to evaluate the 
possibility that M is well behaved (in the 
sense of the validity of thecondition P > 1) 
in the region 1 < P < y. The evidence from 
calculations of this sort is that it is not. The 
model requires the very rigid condition 


м-1- © 


eel 


(1 + Blog PIN "бә - | 


Hiem) 
(3 


= 0 to 0.02; (1 < P <7) 


(4.48) 


e 


Сат 
Н 


Equation (4.48) must apply with 1 < М < 
1.02 {ог 30 рег cent change in pressure as 
the fluid approaches the C-J plane. This en- 
sures that N must remain near unity over 
this entire range because P'o/Q is small; it 
lies in the range 0.14 to 0.22 in this region. 
This means that P ~ 2 over most of the 
reaction zone and that it then must fall very 
abruptly to unity just ahead of the C-J 
plane. It is difficult to visualize how P can 
change as rapidly with N near the C-J plane 
as these conditions require. Even so, one 
must carry out accurate thermohydrody- 
namic calculations in this range for a system 
in which the chemical nature of the gaseous 
system is well defined by a known reaction 
in order to show whether or not this condi- 
tion is compatible with thermohydrody- 
namics. Aside from its magnitude and the 
complicated nature of gaseous reactions, this 
undertaking is beset with conceptual diffi- 
culties. A much simpler and more conclusive 
approach is to investigate the P(x) curves 
by use of Equation (4.43). From Equations 
(4.37), (4.45), (4.46), and (4.47), one obtains 


ам „dP 
an ‘ах 


(4.49) 
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where 
0 = M(m — n + В, log P) 


+ n -1 б, — C, 
Ti C, (4.50) 


nbs Q: 
+ б.н (1 + Bg log P) 
m BE: 


ntn 
P H (4.51) 


20] nč 
nC, 


Equation (4.43) then becomes 

dP ySETeA PH TF(N p 2)r' 

ах (y +1 -— 2P — 6'у)(у + 1 – P)h 
and 


dP 8 (T/T.)e 4H RTiCTII T-0F(N p Z) 


ах T (у+1- P)4-1- 2P – у) (4.52) 


where 
8 = TrytheAS!/Re-SH ата} 1, 


which may be found simply Бу normaliza- 
tion in the dP/dz versus x curve. 

The P(N) and T(N) data obtained from 
Equations (4.37) and (4.38) [allowing, for 
the sake of investigating the spike theory, 


TABLE 4.2a. DATA FOR CONDITIONS IN REACTION 
ZONE тов ExPLosivE 2H 4-104 


Р M я C, 7 N T 
1.835 | 0.580 | 83.3 | 0.471 | O 0 1,820 
1.800 | 0.621 | 82.3 | 0.475 | 0.064 | 0.061 |1,970 
1.750 | 0.675 | 80.9 | 0.481 | 0.154 | 0.148 2,180 
1.700 | 0.726 | 79.6 | 0.486 | 0.243 | 0.234 2,380 
1.650 | 0.772 | 78.3 | 0.491 | 0.328 | 0.316 2,570 
1.600 | 0.814 | 77.1 | 0.496 | 0.413 | 0.399 2,760 
1.500 | 0.887 | 74.7 | 0.505 | 0.571 | 0.554 |3,095 
1.400 | 0.941 | 72.6 | 0.513 | 0.713 | 0.695 3,385 
1.300 | 0.981 | 70.7 | 0.519 | 0.833 | 0.817 |3,620 
1.200 | 1.003 | 69.4 | 0.523 | 0.924 | 0.912 |3,775 
1.170 | 1.007 | 69.1 | 0.524 | 0.944 | 0.933 3,805 
1.140 | 1.009 | 68.8 | 0.525 | 0.963 | 0.954 3,830 
1.111 | 1.010 | 68.6 | 0.525 | 0.976 | 0.968 |3,845 
1.084 | 1.009 | 68.4 | 0.525 | 0.986 | 0.980 |3,850 
1.057 | 1.008 | 68.3 | 0.525 | 0.994 | 0.990 3,850 
1.029 | 1.0045| 68.26] 0.5251) 0.998 | 0.996 |3,842 
1.015 | 1.0026 68.24) 0.5249) 0.9992) 0.99813,835 
1.010 | 1.0017| 68.24| 0.5249) 0.9995| 0.9987/3,832 
1.005 | 1.0009) 68.23, 0.5248) 0.9998| 0.9994 3,829 
1.000 | 1.0000, 68.23) 0.5247| 1.0000| 1.0000,3,826 


y = 1.22, Q = 1,638 kcal/kg, ф = 212 kcal/kg, 
pi = 2.6 atm. 
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TABLE 4.2b. DATA FoR CONDITIONS IN REACTION 
ZONE FOR Ex»LosivE 1C4H 4-10, 


C, T 

P M (mol/ NS. f N CE) 
2.108 | 0.338 | 34.5 | 0.387 | 0 0 2,540 
2.10 | 0.350 | 34.9 | 0.386 | 0.022 | 0.021 |2,600 
2.05 | 0.419 | 37.6 | 0.382 | 0.143 | 0.136 [2,880 
2.00 | 0.485 | 29.9 | 0.378 | 0.250 | 0.237 3,140 
1.95 | 0.546 | 42.0 | 0.375 | 0.345 | 0.328 |3,370 
1.90 | 0.604 | 43.9 | 0.372 | 0.430 | 0.410 3, 560 
1.85 |0. 45.6 | 0.369 | 0.507 | 0.484 |3,730 
1.80 | 0.709 | 47.2 | 0.366 | 0.576 | 0.550 |3,890 
1.70 | 0.798 | 49.9 | 0.360 | 0.694 | 0.666 4, 140 
1.60 | 0.873 | 52.1 | 0.355 | 0.789 | 0.761 |4,330 
1.50 | 0.932 | 54.0 | 0.351 | 0.865 | 0.838 4,460 
1.40 | 0.976 | 55.4 | 0.346 | 0.923 | 0.899 |4,550 
1.30 | 1.005 | 56.6 | 0.342 | 0.964 | 0.945 4,590 
1.20 | 1.018 | 57.4 | 0.338 | 0.991 | 0.977 14,590 
1.10 | 1.017 | 57.9 | 0.335 | 1.003 | 0.995 |4,540 
1.00 | 1.000 | 58.1 | 0.332 | 1.000 | 1.000 |4,460 


- 


pi = 1.09, у = 1.32, Q, = 1,182, p = 199. 

NOTE: For this mixture, C, decreases as the re- 
action proceeds owing to the conversion of most 
of the vibrational degrees of freedom, of С.Н» 
to translational and rotational degrees of freedom 
in the products of detonation. This effect was 
taken into account by introducing a term depend- 
ing on N into the expression for C,. The expres- 
sion used was 
С, = 0.3869 — 0.1147 N 

+ 0.03102 (T — 2,536) /1,000 


continuity of the equation in the region P > 
1 by assuming (dM/dN), = 0] for the mix- 
tures 2H;-10, and C;H;-10; are given in 
Table 4.2. 

In applying Equation (4.52) to obtain the 
P(x) curve, consider the nature of 
F(N,p,Z). Chemical reactions in gaseous 
explosives are, in general, complicated, ow- 
ing to the fact that explosive mixtures are 
usual capable of exploiting mechanisms 
less restricted kinetically than the simple 
second-order reaction—A + B — products— 
where F = C(1 — №)(С, — N) and activa- 
tion energies are invariably high [C — f(P) 
and C, = constant]. This function of the 
reaction order causes Р to become very small 
as N approaches unity; it is exaggerated 
when А = B in which case F = C(1 — №), 
but becomes (pseudo) first order for С, ар- 
preciably greater than unity. In general, F 
will be much greater as N approaches unity 
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than either of these conditions (C; = 1 or 
C, > 1), because detonation reactions gen- 
erally proceed by branching-chain mecha- 
nisms at lower activation energies. One may 
indicate this condition by Р = C(1 — N)f(Z) 
where f(Z) represents & branching-chain 
function. In general, f(Z) whatever its na- 
true, wil increase with N, products of 
detonation being rich in the type of species 
required for this purpose. For example, 
Н,-О, systems probably have as the rate- 
determining mechanism the reaction OH 4- 
H: — НО + H and F = Ponpn, . But (OH) 
increases both with temperature and the 
concentration of the major product (НО). 
F should therefore increase as the reaction 
proceeds and should approach completion 
even more rapidly than a zero-order reaction. 
The most restricted condition imposed in 
gaseous detonations is thus much less drastic 
than for F = C-(1 — N)(C,; — N). Gaseous 
explosives with this order function will in 
general be sluggish and difficult, if not im- 
possible, to bring to steady detonation, 
owing to high activation energy and the fact 
that F begins to fall sharply at М > 0.5. 
Regarding the significance of N in a reac- 
tion such as in Н,—О; systems, the final equi- 
librium state (the C-J plane or beyond) con- 
tains appreciable concentrations of the 
reactants themselves. Hence № + (1 — 


Hi/H;,) but instead N = 1 — (H: — H3)/ 
(Hs, — Hi) where Н,, is the initial concen- 
tration at the pressure in question, and Hi is 
the equilibrium concentration of hydrogen. 
While many gaseous explosive mixtures 
have heats of activation somewhat lower, 
one expects in many cases of homogeneous 
gas reactions values of AH! between 50 and 
75 kcal/mol and higher. The Р(х) curves 
were thus obtained (using the dp/dN curve 
for 2Н;-0,) for АН*/ВТ, = 5 and 10 and 
(1) the functions F, = C (zero order), (2) 
Е, = С(1 — М) (pseudo first order), (3) 
Е, = C(1 — №)? (restricted second order), 
and finally (4) Е, = C(1 — N)(C; + N)e ^" 
(& representative type of branching chain). 
The order of the slowest detonation reac- 
tions in gases will fall between F, and F: and 
the fastest represented by F,, one strictly 
of type (3) being probably impossible to 
detonate at least at ideal velocity. The re- 
sults of calculations of the P(z) curves are 
shown in Figure 4.4 using the P(N) data for 
2H;-O; and A (in F,), the heat of the reac- 
tion 3H, + OH — Н.О, С, being a small 
constant of value sufficient to allow reaction 
to start (C, « 1). Of particular interest are 
the relative Р(х), N(x), and T(z) curves for 
the 2H,-O; and C;H;—O: systems shown in Fig 
ure 4.5. For the 2H,-O; system, the “order 
function F = (1 — №)! (0.01 №е "9r 





Figure 4.4. Curves for various forms of “ог4ег’’ function F for 2H:-10; . 
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NOTE. тут. AT P»LOS 





Figure 4.56. 
Figure 4.5. P(z), T(z), and № (z) curves (a) for 2Hz-10: and (b) for CsH:-O: . 
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and the heat of activation AH! = 75,000 
cal/mol were used. The value 0.01 for С, 
represents an upper limit (which was used 
arbitrarily to get reaction started; that such 
is necessary is actually itself a weakness of 
the spike theory). The function (1 — №)! 
(0.01 + N)e T? expresses approximately 
the variation of (OH) with N. This formula 
for F was approximated (as a lower limit for 
F), realizing that the water effect in the rate 
equation is twofold: (1) that of producing 
free radicals (OH and H) and (2) as a third 
body to allow the reaction 3H; + OH + 
M — H:O + M. The value 34,000°K is 
AH/R, using for AH the heat of the reaction 
OH + 1H; — HO. The values used for F 
were selected to favor the spike model to the 
maximum extent. 

For C;H;-O; (Reference 26, pages 400 to 
405) we suppose the rate equation to follow 
approximately the equation 


A - = еан®вт(1 — N)(0.01 + N)e-4'T 


where AH! = 34,000 cal/mole and A ~ 
27,000°K. This is based on the assumption 
that the slow reaction in the C;H;-O; mix- 
ture is probably of the type С.Н, + Н — 
С.Н + H:, although static-rate studies in- 
dicate it to be second order in C,H; . The 
value 0.01 is again a deliberate overestimate 
to get the reaction started with a minimum 
induction period. 


Reaction Zone in Nonideal Detonation 
in Gases 


In computing a P(z) curve from Equation 
(4.52), one evaluates the product àC by 
normalization if all quantities in 6C are 
not known. The separate components of this 
product may, of course, each be evaluated 
when the kinetics of reaction are all well 
enough known. The order of magnitude of 
$C may always be estimated for any particu- 
lar type of reaction that one may assume 
from fundamental methods of absolute re- 
action-rate theory." This is illustrated by 
Showing that F(N,p,T) must in general be 
much greater in the region of high N than 
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(1 — N)? in detonation reaction unless det- 
onation is nonideal. 

For the restricted second-order reaction 
[F = C(1 — N)’ the factor C’ (which in 
order of magnitude studies may be con- 
sidered a constant one evaluates by normali- 
zation) is given by С” = C(P)e^*"*,'k/h. 
For the case AH'/RT = 5 опе finds 
С" = 2.25 X 10° and for AH!/RT, = 10, 
C' — 42 X 10* was obtained by normaliza- 
tion, using the P(x) curve for 2H;-10; . For 
the case A - B — products, where А = B 
and A and B are diatomic molecules, con- 
siderations of the type discussed in Refer- 
ence 22, pages 19 to 27, lead to ASÍ in 
the range —20 to —30 E.U. for pressure in 
atmosphere. Also C(P) should then be about 
400 Р?, or an average of about 10° for p; = 1 
atm. For C’ = 2.25 X 10° one thus obtains 
т’ ~ 10 “(г ~ 2 to 3 times greater than 
т’, Where т is the total reaction time) as а 
lower limit. But for AH'/RT, = 10, which 
is probably itself somewhat too small, one 
obtains a lower limit 7' ~ 10 *. This value 
of 7’ is at least two (possibly three) orders 
of magnitude too long. 

It should be pointed out that the function 
(1 — №)? requires that the reaction must 
slow down tremendously at high N, par- 
ticularly for N in the range 0.99 < N < 1.0. 
This is illustrated by the fact, shown in 
Figure 4.4, that if one places the C-J plane 
at N = 1, most of the total reaction-zone 
length a, corresponds to 0.99 < N < 1.0. 
One could therefore shorten the reaction 
(but perhaps not by the proper order of 
magnitude) by merely arbitrarily placing 
the C-J plane at say №, = 0.99. Physically, 
the appearance of the C-J plane at N, < 1.0 
would happen automatically if a function 
of the type (1 — №)? were to apply, because 
such a slow reaction as the one in question 
could not hold off a rarefaction wave with 
a Р(х) curve being effectively flat at P ~ 1 
over most of the reaction zone. One might 
therefore arbitrarily make an order function 
of this type lead to proper values of a, by 
limiting Ni to values sufficiently less than 
unity to eliminate the (P — 1.0) flat part 
of the P(x) curve. Figure 4.6 shows what 
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Figure 4.6. P(z) curves for Nc.; = 0.99. 


happens to the curves for the function F, 
by arbitrarily placing the C-J plane at 
N = 0.99 instead of N = 1.0 for 
AH'/RT, = 5 and 10. Note that, whereas 
the case AH!/RT, = 5 gives merely a spike 
lasting for & negligible part of the reaction 
zone by requiring №, = 1, placing the C-J 
plane аё №, = 0.99 causes the P(x) curve to 
exhibit its sudden drop in the range z — 0.2. 
In the case AH!/RT, = 10, the arbitrary 
selection of № = 0.99 causes the sudden 
drop in the P(z) curve to occur for z = 0.95 
instead of x = 0.2. In such a system Ni 
would thus be enough less than unity to 
eliminate the flat part of the P(x) curve 
for which P ~ 1.0. There are cases such as 
С.Н,-О, (if it were of this type, i.e., with 
an F; order function) where AS* would be 
even more negative, e.g., around —30 to 
—40 ем. Then even the limitation of 
М, = 0.99 would not be sufficient to elimi- 
nate the flat of P ~ 1.0. Instead, one would 
require the value №; ~ 0.7. Reactions would 
in this case become too sluggish for values 
of N in the range about 0.7 « N « 1.0 
to contribute to the propagation of detona- 
tion. While one probably would not be able 
to observe nonideality if the C-J plane were 
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to appear at N = 0.99, it would be easily 
observed for a C-J plane at №, = 0.7. Sys- 
tems of this type in which reasonable AS! 
values would require nonideality at N — 0.7 
would even require nonideality (to be sure 
at greater values of N) with the order func- 
tion of the type Fa = C(1 — №). The fact 
that 2H;-10; and C:Hr-O: explosives are 
effectively ideal even in 1-in.-diameter steel 
tubes (Chapter 3, reference 6) for p: ~ 1 atm 
seems to show (quite independent of the 
spike model) therefore that the order func- 
tion is really greater in the region of high N 
than the function F = С(1 — №)? or even 
the function C(1 — N). 

The important point of this discussion 
is that, regardless of the form of F, the 
Р(х) curve in the spike model will always be 
of the type not significantly different from 
those illustrated in Figure 4.5. Curves like 
those for the F; function shown in Figure 
4.4 have much too long a flat at which 
P ~ 1.0 for М, = 1 and would thus require 
М, < 1.0; i.e., such explosives would be 
nonideal. 

The conclusions of these analyses may be 
summarized as follows: 

(1) The spike model rests entirely on the 
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possibility of ап M maximum ahead of the 
C-J plane and the possibility that this maxi- 
mum occurs precisely at the pressure P, = 
(y + 1)/2. These requirements are beset 
with serious conceptual and physical diffi- 
culties. 

(2) Even assuming that condition (1) 
is fulfilled, the P(x) curves required by the 
spike theory are anomalous. The interesting 
(but perhaps physically impossible) result 
is found that P ~ P, over most of the 
(effective) reaction zone for any reasonable 
type of detonation reaction, and P does not 
begin to drop until chemical reaction effec- 
tively starts! This is а result of the low 
temperature in the front of the reaction zone 
of the spike model. 

(3) The spike model requires only the 
slowest, not the fastest, types of chemical 
reactions in order to obtain а curve even 
approaching in form a reasonable Р(х) curve 
for this model, i.e., one resembling a shock 
wave. That is, P(x) should decrease more 
rapidly with temperature than e ^""^T in 
order for one to realize & steady-state re- 
action zone. This does not seem possible, 
especially for temperature ranges of the 
magnitude required by the spike theory, 
activation energies of the magnitude en- 
countered in homogeneous gas reactions, 
and for the types of reactions that lead to 
detonation. Moreover, it leads to excessive 
reaction-zone lengths. 

(4) The slope of the P(z) curve for z > 1, 
i.e., beyond the C-J plane, should, according 
to the Taylor theory (see Chapter 5), change 
uniformly in time, and for long enough time 
ар /dx should be nearly zero just behind the 
C-J plane. This would require a discontinuity 
in dP/dz(z) at the C-J plane in zero order 
and chain-branching reactions. Indeed a 
chain-branching reaction would not only 
have а discontinuity in dP/dx at the C-J 
plane but also effectively a discontinuity in 
the P(z) curve itself! 


Reaction Zone in Condensed Explosives 


One cannot carry through with the degree 
of precision possible in gases arguments re- 
garding the P(z) relations for condensed 
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explosives because a sufficiently unambigu- 
ous and acceptable equation of state for 
the reaction zone is as yet unavailable. To 
be sure M is (as in gases) restricted to values 
of unity or less, but the ratio v/(v — «) 
appearing in the variable term in Equation 
(4.36) is in general greater than unity and, 
while it would be very surprising if so, might 
conceivably decrease more rapidly than М 
increases from the front to the back of the 
reaction zone. While M does not go to zero 
for N = 0 in explosives of high density, it 
would surely be effectively zero at № = 0 
for condensed explosives of low apparent 
density. That is, in this case T,/T; should 
be about unity, but n;/n; should be about 
zero. It would appear that this argument is 
sufficient to exclude the spike model as 
applied to low-density, granular explosives. 

Studies have shown that explosives with 
inert additives in amounts up to the maxi- 
mum allowed for stable detonation (in some 
cases 75 per cent more) still follow closely 
the same empirical a(v) curve found appli- 
cable for normal explosives." This evidence 
suggests that the a(v) approximation might 
still apply in the reaction zone as well as at 
the C-J plane. If so, one may easily show 
that the necessary conditions to obtain the 
spike do not exist even at high density for 
the same reason as in gases, namely that it 
would incur a discontinuity in P owing to & 
change in sign of the surd of Equation (4.36) 
between the front and back of the reaction 
zone. 

The possibility that P(x) might be less 
than unity at some value of z, while ruled 
out by arguments similar to those for Р(х) 
greater than unity, would appear also to be 
ruled out by the conditions for a steady-state 
reaction zone. Suppose, for example, that 
Р(х) < 1 for an хт; characteristic of the 
reaction zone corresponding to some point 
а distance 1 — z; in front of the C-J plane. 
Under this condition р(х) and W(z;) 
would be less than p» and Wi , respectively. 
The x = 1 characteristic would then outrun 
the characteristic z;. Only for P(x) > 1 
with dP/dx а constant or а continuously 
decreasing function of z would a steady- 
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state reaction zone appear possible. This 
argument, together with the requirements 
of the conservation laws and the kinetics of 
reaction discussed above, suggests that 
P ~ 1.0 throughout the reaction zone. 

The only conceivable mechanism justify- 
ing the jump condition A — C required by 
the condition that Р(х) remain unity seems 
to be that thermal conduction in the reac- 
tion zone must be sufficiently high to allow 
for an increased enthalpy in this region. 
The possibility of appreciable thermal con- 
duction in detonation has been examined 
previously and discarded (cf. References 49 
and 21). However, recent experimental evi- 
dence, discussed below, suggests that heat 
conduction inside the reaction zone may 
actually be adequate to account for the 
jump directly from A to C required by the 
condition Р(х) = 1.0 throughout. 

The condition P = 1 throughout the 
reaction zone is illustrated by the kinetic 
enthalpy H versus N plot of Figure 4.7 for 
the case of a gaseous explosive of n; = пе 
and P = T/T,. The specific enthalpy H 
in this case must be made up of three parts, 
namely the Hugoniot energy o, the chemical 
energy NQ:, and the enthalpy Н, assumed 
to originate from an external source through 
heat conduction. The situation is regarded 
as similar for condensed explosives. The 
actual existence of an enthalpy H, in the 
reaction zone may be demonstrated in the 
condensed explosive by the experimental 
results of propagation of shock through inert, 
condensed media, where one may show that 





Figure 4.7. Kinetic enthalpy (Н) versus extent 
of reaction (N) through the reaction zone. 
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detonation is invariably interrupted and 
must be re-formed on the opposite side of 
the interrupter. One finds that the inter- 
ruption time r increases at first linearly (but 
with thicker plates more rapidly) with plate 
thickness. This is discussed in the next sec- 
tion. 
It thus appears that appreciable (external) 
enthalpy, given in total by the integral 
1 
H, dz, is carried along in the reaction 


zone as а part of its steady-state condition. 
In the case illustrated in Figure 4.7, this 
(external) enthalpy would amount to almost 
half the total enthalpy of the entire reaction 
zone. Relatively much less would be needed 
in granular explosives owing to the fact that 
their reactions are invariably surface re- 
action. 

How it is possible to conduct heat this 
rapidly? The answer may reside in the fact 
(discussed in Chapter 7) that the electrical 
conductivity in the reaction zone is very 
large. Thermal conduction in the reaction 
zone has the effect of raising each (constant 
composition) Hugoniot curve of N = N; 
by an amount depending on the magnitude 
of the specific enthalpy H.; added by heat 
conduction to the N; region in the reaction 
zone. The family of Hugoniot curves repre- 
senting the reaction zone would then be as 
illustrated in Figures 4.8a and 4.8b, depend- 
ing on whether the jump condition is directly 
to C (Figure 4.88) or to some other point 
(Figure 4.8b). Here curve ff is the Hugoniot 
curve for N = 0 corresponding to the front 
of the reaction zone, AB', that for the origi- 
nal explosive in front of the shock wave, U 
that for the completely reacted explosive, 
and її the Hugoniot curve for a region inside 
the reaction zone where 0 < М, < 1. It is 
possible in gaseous explosives that Figure 
4.8a would apply whenever n, < п; and 
Figure 4.8b for n, > n. (The ff and Ц curves 
would probably coincide for n; = n;.) But 
in any event, the distance BC should be 
small relative to AC in order for the reac- 
tion zone to be steady. The condition re- 
quired to jump the entire Hugoniot curve 
ff to the position indicated would be that 
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Figure 4.8a 
Figure 4.8. Hugoniot curves for various jump conditions with appreciable thermal conductivity. 


depicted in Figure 4.7, i.e., suddenly to add 
the external Н, = © to the N; plane. 

Detonation is, in general, initiated by add- 
ing the critical enthalpy to the explosive at 
the instant detonation is created. This may 
be accomplished by chemical reaction itself 
occurring in a subsonic wave and allowing 
enthalpy to flow and thus build up ahead of 
the flame front as reaction progresses (ther- 
mal initiation). It may be accomplished also 
in a variety of other ways: e.g., electrical 
sparks, exploding wires, detonators, boosters, 
etc. The factor in common in all types of 
initiation of detonation is the presence in 
the reaction front of а large amount of heat 
supplied from the initiation source. Now if 
heat conduction were negligible, this external 
enthalpy required to create the detonation 
would quickly be lost soon after the initiation 
of detonation because C + W > D for the 
B — C branch of the Rayleigh line. But if 
conduction is sufficiently large in the reac- 
tion zone, heat of an external source may be 
trapped in the reaction zone and carried 
along as а heat pulse. The interruption of 
detonation then would be brought about 
whenever this external enthalpy becomes 
lost, for instance, when the wave strikes a 
(shock pass) heat filter such as a steel or 
glass plate. 

The fundamental Zeldovich-von Neu- 
mann-Doering theory of the detonation 
reaction zone thus requires only a modifica- 
tion of one of its (tacit) assumptions in order 
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Figure 4.8b 


to include the heat-pulse model leading to 
the conditions shown in Figures 4.7 and 4.8. 
The spike theory assumes (relatively) zero 
heat conductivity in the reaction zone; it is 
merely necessary to allow heat conduction 
in the reaction zone to reduce the spike of 
the Zeldovich-von Neumann-Doering the- 
ory and, if conductivity is sufficiently large, 
obtain the result P(z) = 1.0 throughout 
this zone. One cannot, of course, deny that 
some sort of jump condition occurs and that 
the Rayleigh-line conditions apply to this 
jump. However, the jump A — B producing 
the hypothetical spike corresponding to no 
thermal conduction appears from the fore- 
going to be impossible; the jump A — C, 
requiring that the reaction zone carry a 
heat pulse, merely follows а Zeldovich-von 
Neumann-Doering model with appreciable 
heat conduction in the reaction zone. 
Observations Spike 
Theory 


Many attempts have been made to ob- 
serve the predicted spike of the Zeldovich- 
von Neumann-Doering theory.  Kistia- 
kowsky and Kydd,” by measurements of 
the density-distance р(х) profile by the con- 
tinuous radiographic method, failed to ob- 
serve the predicted spike in gases at atmos- 
pheric pressure. They claimed, however, to 
have observed a spike of 3-usec duration in 
stoichiometric НО, mixtures at 0.1 atm, 
and one of 20 „sec at 0.025 atm. However, 


Pertaining to 
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their data do not seem to justify this con- 
clusion. 

By means of the X-ray absorption meas- 
urements in gaseous explosives at pressures 
between 10 and 100 mm Hg, Kistiakowsky 
and Kydd showed that o,, the ratio of the 
density in the wave front to that in the un- 
disturbed explosive, was 3.6 (+15 per cent 
in 47 examples). On the other hand, in these 
measurements good agreement with theory 
was found for oz the ratio of the C-J density 
to the density in the undisturbed explosive, 
namely, about 1.8 in all cases listed. But the 
Zeldovich-von Neumann-Doering theory 
required, according to Kistiakowsky and 
Kydd, e, = 5.3 instead of the observed 3.6 
in these cases. Another discrepancy between 
observations and the Zeldovich-von Neu- 
mann-Doering theory, also pointed out by 
Kistiakowsky and Kydd, was their failure 
to observe the induction zone required by 
the low initial temperature of the Zeldovich- 
von Neumann-Doering model. 

As shown above, the equation of state ap- 
plicable in gaseous detonation is p = pnRT. 
In connection with the pressure-spike theory, 
one is interested not in c, but in P, the ratio 
of pressure at the shock front relative to that 
at thé C-J plane, namely 


P, = p;/m = oes (nT),/(nT) 


According to the above-mentioned measure- 
ments, оз = 2. In the Zeldovich-von 
Neumann-Doering theory where c, = 53, 
the temperature at the front of the wave is 
only about half the final C-J temperature; 
it is given in this theory approximately 
(neglecting second-order terms as before) by 


(4.53) 


T, = (Phe + C,,T)/C,, (4.54) 


If one makes use of the measured result 
o: = 2 and Equations (4.48) and (4.54), 
with the appropriate thermochemistry to 
compute P, and Т, in a self-consistent solu- 
tion employing the Zeldovich-von Neu- 
mann-Doering theory, Т, comes out to be 
less than 700°K and Р, lower than unity! 
Instead of the required P, = 2 of the Zeldo- 
vich-von Neumann-Doering model, Kis- 
tiakowsky and Kydd's results, interpreted 
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strictly in terms of the Zeldovich-von 
Neumann-Doering theory, require P, « 0.5, 
and, instead of decreasing with distance 
behind the shock front, P actually is found, 
{тот the observations applied in the Zeldo- 
vich-von Neumann-Doering theory, to 
increase from the wave front through the 
reaction zone to the C-J plane! This discrep- 
ancy between observations and the Zeldo- 
vich-von Neumann-Doering model again 
seems, in view of the fundamental founda- 
tion of the Zeldovich-von Neumann-Doer- 
ing theory, to require heat conduction in the 
reaction zone. Indeed, in order to account 
even for a pressure-flat reaction zone, to say 
nothing of а  pressure-spike-type zone, 
Kistiakowsky and Kydd's density measure- 
ments require that more than 0.6 of the heat 
in the wave front of the low-pressure, 
gaseous explosives must be heat conducted 
into the wave front, less than half of the re- 
quired heat being attributable to the Hugo- 
niot heat Po. 

If, on the other hand, one modifies the 
Zeldovich-von Neumann-Doering model to 
include appreciable heat conduction, the 
necessity disappears for а spike or at least a 
spike of the magnitude heretofore considered 
necessary in the Zeldovich-von Neumann- 
Doering theory. Furthermore, heat conduc- 
tion, if it is of the magnitude that the above 
considerations suggest, would remove even 
the necessity for an induction zone and bring 
the theory into agreement with observation 
in this regard also. 

Recently Viard" reported measurements 
of the particle velocity W through the reac- 
tion zone of an aluminized explosive. He 
used an ingenious flash radiographic tech- 
nique in which lead foil was placed across 
the charge at an angle of about 45? from the 
normal and passing through the charge axis. 
By flashing the X ray at about the instant 
the detonation wave at the charge axis struck 
the foil, by observing the shape of the foil 
behind the wave front relative to that ahead, 
and by applying the appropriate geometry, 
it was possible to determine W(z) in the 
reaction zone. The results of Viard showed 
W(x) to be a constant, or a P-flat reaction 
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zone. Moreover the ratio W(zx)/D = 0.3 
was found. This corresponds to v/v, = 0.7, 
which is the ratio to be expected according 
to hydrodynamic-theory calculations for 
various solid explosives at 0.8 < pm < 1.0 
g/cc, approximately the density of the 
charge employed by Viard. Hence Viard’s 
results provide striking confirmation of the 
P-flat reaction-zone model predicted by con- 
siderations in this chapter. 

Ablard (unpublished), Mallory and Ja- 
cobs, and Duff and Houston? carried out 
free-surface-velocity (V;) measurements for 
thin aluminum plates or foils. They inter- 
preted their results of V, versus t (¢ = »late 
thickness) as indicating the presence of the 
spike in Composition B and TNT, the latter, 
according to Mallory and Jacobs, indicating 
a flat in the spike region which they at- 
tributed to an induction period in the initia- 
tion of TNT following the shock front. 
Duff and Houston’s results are shown in 
Figure 4.9. The number of measurements is 
shown by the number in each circle repre- 
senting the point, and the standard devia- 
tion in the observed data for each point is 
shown by the vertical bracket. The solid 
line is that drawn by Duff and Houston; 


Му 436 (Extropotated) 
42 | 


0. 02 
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the dotted line is the author’s. The calcu- 
lated particle velocity of Composition B by 
the a(v) equation of state was 1,725 m/sec. 
But the value of V, at the point of discon- 
tinuity indicated by Duff and Houston was 
about 3,250 m/sec, corresponding to a раг- 
ticle velocity Wm in the metal of 1,625 
m/sec. Now the highest free surface velocity 
observed by Duff and Houston was 3,890 
m/sec, corresponding to W,, = 1,945 m/sec 
in the metal. According to the free-surface- 
velocity theory, the ratio W./W = 
261D/(nD + р»О„) = 0.9 for Composition 
B and aluminum. On this basis one obtains 
the value 1,625 cm/sec for Wm which cor- 
responds to 1,805 m/sec for W and is in 
good agreement with the calculated value 
W = 1,735 m/sec. However, for the spike 
pressure Duff and Houston's work gave 
Pasx(obs) = 1.19 and Pmsx(extrapolated) = 
1.34. These values are a great deal lower than 
the expected P ~ 2 of the spike theory, aside 
from the uncertainty involved in the experi- 
mental data. 

The data of Mallory and Jacobs are shown 
in Figure 4.10, together with their curves 
drawn through the experimental points. The 
dotted lines are the author's. Using the ар- 


(Theoretical volue for a "Spike" of P=2 is 69) 


Figure 4.9. Free surface velocity versus plate-thickness measurements of Duff and Houston. 
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Figure 4.10. First-order free surface velocity 
of 28 aluminum targets driven by (1) cast TNT, 
pi = 1.58 g/cc; (3) pressed TNT wafers (1/8 in. 
thick), pı = 1.55 g/cc; (4) pressed TNT, pı = 1.0 
g/cc; (5) TNT at p, = 0.624 g/cc (after Mallory 
and Jacobs). 


proximation W,/W = 2р10/ (р) + pimDm), 
the data obtained from the measurements 
of Mallory and Jacobs may be summarized 
in Table 4.3. Comparing W(obs)/W,(calc), 
the only indication of a spike (P > 1.0) 
would appear to be at low density, since 
P « 1.0 for high-density TNT. One then 
has to face the difficult problem of obtaining 
a spike (without chemical reaction, i.e., in 
the induction zone) in а powder where 
the ratio actual volume/apparent vol- 
ume = 0.37; the ratio p:/p1 = 1.33 gives 
for pı = 0.624, o = 0.83 g/cm’. The solid 
would compress to p 2» 0.83 with very slight 
pressure; to obtain а pressure of 2p; = 44 
K atm, one would have first to compress the 


TABLE 4.3. PARTICLE VELOCITY RELATIONS 


p Wa/W | Wa(obs  W(obs)* M Wi(caloe)t 
1.58 (cast) 0.85 1,425 1,080 1,480 
1.55 0.83 1,120 1,350 1,480 
1.0 0.52 790 1,530 1,380 
0.624 0.26 530 2,040 1,110 


* From above approximation. 
t Calculated from a(v) approximation by D. 
Robinson in author's laboratory. 
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explosive to near its crystal density of about 
1.66 g/cm *. There is thus no mechanism for 
& spike in an explosive of such low loading 
density. 

In Chapter 5 the theory of the free-sur- 
face-velocity interpretation is discussed. 
The experimental facts outlined there are 
such as to cast considerable doubt on this 
interpretation of the measured velocities as 
free surface velocities. Rather, it is indicated 
that the velocity versus plate-thickness 
measurements do not involve free surface 
velocities at all, but merely macroscopic 
plate velocities. 

From these considerations it appears that 
there remains as yet no unambiguous experi- 
mental verification of the spike either in 
gaseous or in condensed explosives. 

However, let us consider the experimental 
evidence that there may actually be no spike. 
The first indication for the absence of a 
pressure spike in solid explosives appeared 
in shaped-charge studies early in World 
War II. As shown in Figures 2.8 and 2.9 
(shaped-charge) jet penetration in uniform 
targets with charges of constant geometry 
varied directly as the caleulated detonation 
pressure (рг) for ideal explosives of small 
reaction-zone length. The spike was suffi- 
ciently thin in these charges that it could not 
have material influenced shaped-charge 
performance. It was suggested, however, 
that if an explosive of much longer reaction- 
zone length were used, one might realize 
the advantage of the spike by enhanced 
penetration, since à broadening of the re- 
action zone would, in the spike, increase the 
total end impulse. The detonation pressure 
may sometimes be lower in an explosive of 
long reaction-zone length than in one of the 
same composition having & short reaction 
zone, because detonation might then be 
nonideal. Even so, one may still obtain а 
reasonably accurate estimate of p: in the 
nonideal explosive by using the observed 
velocity and the approximation p; = p1D*/4, 
ог by use of а reasonable value of a’ in the 
Jones equation, Equation (4.22), to estimate 
p: from observed velocity data. Results of 
studies in which attempts were made to 
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broaden the spike by increasing the re- 
action-zone length invariably produced an 
effect just opposite to that predicted by the 
spike theory; they fell considerably below 
instead of being well above the standard 
У, versus р» curve for explosives of negligible 
reaction-zone length. More recent quantita- 
tive measurements by shaped-charge tech- 
niques, moreover, showed quantitative 
agreement with the P(z) = 1.0 condition as 
applied in the detonation-head model, dis- 
cussed in Chapter 5. 

Cook, Keyes, and Filler” described experi- 
ments of propagation of detonation through 
steel and glass plates which showed that thin 
plates of inert material invariably interrupt 
the detonation wave completely, requiring 
the detonation to re-form if it is to continue 
to propagate beyond the interrupter. A 
careful consideration of this phenomenon 
seems to rule out the spike theory with no 
heat conduction in the reaction zone and 
support the heat-pulse theory outlined 
above. Figure 4.11 shows a typical streak- 
camera trace of the detonation wave in 
5.08-cm-diameter Composition B in which 
glass shock-pass-heat-filler (SPHF) plates 
of various thicknesses increasing from 0.1 to 
3.5 cm were placed across the path of the 
detonation wave, using a length/diameter 
ratio of 1 between plates. Similar tests were 


made with steel. The detonation was com- 
pletely interrupted for a time т by each plate. 
At the end of the interval r it then started 
up again quite suddenly with no noticeable 
transient velocity for plates up to about 2 
em in thickness. The actual wave-interrup- 
tion time is given by the formula 
т = At — S/V* where At is the time dis- 
placement of the trace caused by the plate, 
S is the plate thickness, and V* is the average 
shock velocity through the plate. The ex- 
perimental results for plates of thickness 3.0 
em or less were т (glass) = 1.08; and т 
(steel = 1.355 for т in microseconds and S 
in centimeters for charges of d — 5 cm. One 
may add more than 50 per cent inert solid, 
e.g., salt, glass, inert metals, to Composition 
B and similar explosives in 5-cm-diameter 
charges before reaching the condition for 
detonation failure." But, while the steel 
and glass plates cause the Hugoniot energy 
to drop somewhat below P’y as the shock 
passes through the plate, the attenuation 
of the wave as it passes through the plate 
causes much less drop in the y term than 
the drop caused by including, e.g., 50 per 
cent salt. This may be shown by observing 
the shock velocity through the material 
directly. Indeed, the fact that attenuation 
through a homogeneous solid, e.g., a metal, 
is relatively small is used in a current method 
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Figure 4.11. Velocity trace of propagation through glass plates (Composition B, 5.08 cm diameter). 
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for measuring detonation pressure (cf. 
Reference 21, page 78). As pointed out 
above, one may regard the plate as a filter 
which transmits pure shock (i.e., the energy 
Р?) and effectively filters out or greatly 
retards heat flow. Since both NQ and H, 
would be at least partly filtered out by the 
plate (and remembering that NQ; = 0 
at the wave front), evidently Н. must be 
appreciable in the wave front. Detonation 
cuts off sharply because the Hugoniot energy 
alone (which is all that there is in the wave 
front of the spike model) is quite insuffi- 
cient to allow the wave to continue to propa- 
gate. The time т is then determined (by 
integration between the limits of t = 0 and 
{ = т) by the heat-balance equation 


C,dT/dt = Qk'-f + dH'/dt 


where dH’ /dt is the rate at which heat enters 
the region in question, and this equation 
applies in the deflagration stage, i.e., during 
the period т. (Reaction on the far side of 
the plate in this case is, of course, started 
by the shock and limited heat flow through 
the plate.) The value r is then the time 
required for the total enthalpy H to build 
up to the value Н = Q + o, this value 
being required because the wave starts sud- 
denly at or near the stable detonation 
velocity. In thicker plates detonation starts 
somewhat beyond the plate rather than 
against it, as with the thinner plates. 
Figure 4.12a shows several frames of a 
(original in color) sequence by Pack, Gey 
and the author of the “shock pass-heat 
filter’ (SPHF) initiation of 2" diameter 
Composition B through 2.5" of glass (ten-}” 
plates) by a 1.5" dia. x 9.5" long composition 
B charge. This charge was front lighted by 
ап argon flashbomb. Frames 1 to 5 show 
the shock wave in the glass. In frame 7 the 
Shock is seen about to strike the charge. 
Frames 9 to 15 show the progress of the 
non-reactive shock in the receptor charge. 
This wave is visible by the distinctly differ- 
ent coloring caused by surface roughening 
by the shock wave; this inert shock wave is 
not as distinctive in the black and white 
copy as in the original color. Between frame 
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15 and 17 detonation suddenly set in and is 
seen in frames 17 and 19 propagating in 
both directions from the plane of initiation 
each as high-order detonation.* 

Caschia and Whitbread, at Waltham 
Abbey, England, and Lampson and Eichel- 
berger at Ballistics Research Laboratory, 
America (to be published in the Proceedings 
of the Royal Society) and Sultanoff (un- 
published) have presented high-speed streak 
and framing photographs of the SPHF initi- 
ation of small charges of cast pentolite and 
Composition B showing essentially the re- 
sults illustrated in Figure 4.12a except for 
the fact that their photographs did not show 
the reverse detonation wave propagation. 
The charges employed by these investiga- 
tors were in general square charges of width 
from 1.3 to 2.0 cm. In the author’s laboratory 
the (cylindrical) receptor charges have been 
generally 5 cm diameter charges. In this 
size charge the SPHF initiation method 
produces with very few exceptions both for- 
ward and reverse propagation. The forward 
wave is seen always to travel initially at a 
velocity 1 to 2 Km/sec greater than normal, 
settling down finally to the normal, stable 
velocity evidently after propagating through 
a precursor (inert) shock. The detonation 
wave that propagates back toward the 
SPHF plate (the reverse wave) in 5 cm (d) 
composition B has been found to have an 
average velocity of 6900 cm/sec. Recently 
in shots made: at the sensitiveness limit 
(maximum thickness of SPHF plate through 
which detonation may be propagated) Pack, 
Gey and the author observed a case in which 
only the forward detonation wave was 
initiated and the reverse wave propagation 
did not develop. Figure 4.12b shows this 
example. In addition Figure 4.12b shows two 
other charges being impacted simultaneously 


*The backward wave propagation was first 
noticed by Г. N. Cosner and В. С. 5. Sewell in 
studies at NOTS, China Lake, Calif. Their results 
were reported in June, 1956 at Pasadena, Calif. 
(classified wave-shaping conference). Reexamina- 
tion of a series of streak camera traces similar to 
those given in Figure 8, ref. 13 showed however 
that it had been recorded in 1954 in the author’s 
laboratory. 
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Figure 4.12а. Alternate frames оѓ 23-frame sequence showing SPHF initiation of Composition В. 
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Figure 4.125. SPHF initiation of Composition B near sensitiveness limit (left hand charge shows 
only forward propagation.) 
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Figure 4.13. Shock wave, precursor reaction wave, and heat pulse in NM detonated through SPHF 


glass plates. 


by shocks each from 4.8 cm. (d) x 23.5 cm 
(L) Composition B donor charges through 
8.02 cm (right), 8.15 cm (center) and 8.12 
cm (left) glass SPHF plates. The charge on 
the right shows the normal forward and 
reverse detonation waves. These formed 4.6 
cm from the SPHF plate. But in the charge 
on the left only the forward detonation wave 
developed at 8.3 cm from the plate. The 
reverse wave failed in this case as in the 
studies with smaller diameter charges at 
Waltham Abbey and BRL. The reason for 
the failure of the reverse wave seems quite 
evident from the results shown in Figure 
4.12b. Owing to the impact pressure the 
explosive between the SPHF plate and the 
plane of reinitiation of detonation of length 
S» is crushed. Apparently the non-reacting 
charge then begins to blow apart under 
mechanical impact. Apparently the failure 
of reverse propagation is simply the result 
of the fact that the density under some 
conditions drops too rapidly to permit re- 
verse propagation. This explanation is con- 
sistent also with the lower than normal 
velocity of the reverse wave. The mechanism 
of the SPHF initiation process is discussed 
more thoroughly in Chapter VIII. 


Heat Pulse 


Recently Pack, Gey and the author also 
succeeded in observing the predicted heat 
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pulsef in the liquid explosive nitromethane 
by means of the microsecond, color, framing 
photography. Figure 4.13 shows six frames 
printed in black and white from a 23-frame 
(original in color) sequence of this heat 
pulse in nitromethane. Here frames 5 to 
7 of the sequence taken at 2 microsecond/ 
frame show two 5 cm (d) Composition B 
donor charges hitting (not quite simultane- 
ously) SPHF plates of thickness 0.54 cm 
(left) and 0.60 cm (right) on opposite sides 
of а charge of NM of rectangular cross-sec- 
tion. The shock waves may be seen to enter 
the charge first at the left on frames 7 and 8. 
The two waves are intense enough to initiate 
nearly immediately the characteristic pre- 
cursor reaction of NM which in the original 
color sequence shows up in beautiful red 
color, and the waves that may be seen on 
frames 7 to 9 are colored behind the shock 
front with this red precursor reaction. On 
frame 9 the two waves from the opposite 
sides have collided and developed а lumi- 
nous region at the interface of the collision. 
It was expected that the intense collision 
might itself initiate detonation instantane 


t The heat pulse was actually first recognized 
in the sequence shown in Figure 4.13 by Dr. W. 
8. Mc Ewan, Head, Chemistry Branch, NOTS, 
China Lake, while viewing this sequence in color 
following а discussion with these investigators on 
the thory of the heat pulse. 
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ously. However, the collision luminosity had 
completely disappeared on the next frame 
without initiating detonation. 

A remarkable new phenomenon, however, 
could be seen as a bluish-white hot spot 
beginning on frame 9. Simultaneous with the 
collision of the waves in the center of the 
tube this bluish-white hot spot could be 
seen to have developed on the center of the 
left SPHF plate about 3 cm in back of the 
colliding waves. On frame 10 this hot spot 
and another one that developed between 
frames 9 and 10 on the opposite SPHF plate 
had both flashed across the charge and met 
at the collision interface giving definite 
bluish-white hemispherical regions on frame 
10. On frame 11 this highly luminous bluish- 
white zone had spread across the whole 
charge. From the framing sequence it could 
only be ascertained that the speed of propa- 


gation of the flash-across phenomen was in 
excess of 10 mm/ysec. 

In order to determine the speed of the 
flash-across phenomenon accurately the shot 
was repeated but recorded by the streak 
camera using color film because it was real- 
ized that without color this phenomenon 
would probably be missed. Since time resolu- 
tion may be made much greater on the 
streak camera it was decided that the effect 
would possibly be observed better with even 
thinner SPHF plates and therefore this shot 
was made with both SPHF plates of 0.31 ст 
thickness. The trace shown in Figure 4.14 
verified completely the existence of this 
heat pulse. The initial shocks in this case 
were strong, overdriven, precursor reaction 
shocks from the donor charge still lower in 
velocity, however, than D*. In the streak 
camera trace, 8.5 usec after each initial 
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Figure 4.14. Black-and-white print of streak-camera trace, recorded originally in color, showing pre- 


cursor reaction wave and the heat pulse. 
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wave entered the, NM a hot spot ap- 
peared at the surface of each plate and 
flashed to the center of the charge each at 
the phenomenal speed of 35 mm/ysec. It is 
this flash-across phenomenon that is re- 
sponsible according to recent findings in the 
author's laboratory for initiation of detona- 
tion. The flash-across phenomenon is clearly 
the predicted heat pulse. 

The events shown in Figures 4.13 and 4.14 
are depicted theoretically in Figure 4.15. 
The initial shock wave that initiated the 
precursor reaction also initiated an adiabatic, 
exothermic reaction causing the temperature 
to build up approximately as indicated on 
the time á contour. At a later time, вау 
24, , the temperature at the plate has thus 
reached a still higher temperature, and so, 
until finally the critical temperature Т, is 
reached. At this temperature the thermal 
resistance suddenly breaks down, the reason 
for which is described in Chapter 7. The 
heat pulse is then initiated and at the time 
2.9t, has propagated at the speed 35 mm/ 
usec to the position shown. 

This experiment and others described 
later in this volume provide a complete ex- 
planation for the phenomenon shown in 
Figures 4.11 and 4.12: The supported shock 
that passes through the SPHF plate merely 
initiates an adiabatic reaction that then 
undergoes an adiabatic, exothermic buildup. 
When the temperature reaches the critical 
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Figure 4.15. Proposed qualitative temperature- 
distance contours in experiment described in 
Figures 4.13 and 4.14. 


temperature T, which it will first do right 
at the surface of the SPHF plate, the ther- 
mal resistance suddenly decreases and the 
heat pulse then flows at extremely high 
velocity into the shock front. Then with 
thermal conditions such as to provide the 
condition illustrated in Figures 4.7 and 4.8 
detonation ensues evidently commencing 
always at а short distance behind the shock 
front as indicated by the fact that the for- 
ward wave in general is required to propa- 
gate at first through at least part of the pre- 
cursor shock as shown, for example, in 
Figure 3.18a. 
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СНАРТЕК 5 
DETONATION WAVE SHAPE AND DENSITY PROPERTIES 


Theoretical Wave Profiles 


The shape of the detonation wave and 
the density-distance р(х) and particle 
velocity-distance W(z) relations behind the 
wave front are of considerable practical 
and theoretical importance. Langweiler? 
assumed for the plane-wave case & simpli- 
fied constant р(х) and И (х) contour fol- 
lowed by & sharp (presumably discontinu- 
ous) rarefaction. He gave as the velocity of 
the rarefaction front the value (D + W)/2. 
Hence, in an explosive of infinite lateral 
extent, the compressional region or detona- 
tion head of the Langweiler wave should 
grow in thickness in accord with the equa- 
tion 


8 = [1 — (D + W)/2D]Dt =3Dt/8 (5.1) 


In the Langweiler concept no influence on 
velocity would thus be felt by any finite 
reaction zone of length less than 308, 
because, since W'(z) = Ws = constant, 
the C-J plane could arbitrarily be placed at 
the front of the rarefaction or at any other 
plane between this and the wave front 
without any influence on the velocity. 
Moreover, for any value а, < s < 3518, 
the velocity at the distance Dt from the 
point of initiation would be ideal (D = D*). 
Only for a, > s would detonation become 
nonideal in the Langweiler model, but in 
this case the effective reaction-zone length 
would be just 3Dt/8, and D(t) would thus 
be transient until a, < 3Dt/8. 

The author considered the influence of 
finite charges on this simplified model by 
postulating the existence of lateral rarefac- 
tion waves (called release wave by Pugh 
&nd his associates) from the sides of the 
charge which themselves were assumed to 
converge on the central axis also with a 
sharp or discontinuous front of the same 
velocity as in Langweiler rarefaction from 
the rear. This naive model therefore pre- 
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dicted the development of a steady-state 
detonation head after propagation of the 
wave front in unconfined cylindrical charges 
а distance of about three and one-half 
charge diameters (L,/d = 3.5) from the 
point of initiation. The detonation head 
would, according to this model, develop 
through stages of successive truncated 
cones of base to apex height about 3Df/8, 
reaching a fully developed, conical detona- 
tion head of height the order of one charge 
diameter. In confined charges the steady- 
state detonation head should, in this model, 
be somewhat larger because confinement 
would lower at least the initial velocity of 
the release waves from the side. The detona- 
tion-head development in an unconfined 
charge and its steady-state form in confined 
and unconfined charges are illustrated in 
Figure 5.1, taking into account the spherical 
shape of the wave front discussed later in 
this chapter. 

The Langweiler model has been attacked 
(cf. Reference 33 in Chapter 4) on the basis 
that the rarefaction wave cannot remain 
abrupt but must spread out in time. In all 
classical treatments it is assumed that 
rarefaction begins immediately behind the 
detonation front. For later considerations 
the quantitative impulse J and kinetic- 
energy T relations for this model of the 
detonation head for unconfined cylindrical 
charges are presented as follows: 


I = F(L)xp(d'W/9 = F(L)x(d’)*p:/9D (5.2) 
T = F(L)x(d')*p,/12 (5.3) 

where 
F(L) = ү == — (5.4) 


Also for the total mass of the detonation 
head 


М = F(L)xp,(d’)*/9 (5.5) 
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Figure 5.1. Development of detonation head. 


These equations apply to unconfined changes 
and must be modified to take into account 
confinement. 

Taylor" studied theoretically the p(z) 
and W(x) distributions behind plane and 
spherical detonation waves for gaseous 
explosives and TNT, using the hydro- 
dynamic relation 


W(z)-Wa= Í й Cd log, р (5.6) 
РЗ 

For gaseous explosives in which products of 

detonation obey the ideal-gas law, Equation 

(5.6) may be integrated as shown by Taylor 

to give in general 


W = f(o,Ws) (5.7) 


In condensed explosives using the a(v) 
equation of state in the solution of Equation 
(5.6), one obtains 


w- W= -[ Sm (nRT8)"!* d 


0-а 
(5.8) 


v-a 


applicable in the range v < v < и, ie. 
between the C-J plane and the stagnation 
plane W(z) = 0. The approximation in 
Equation (5.8) is based on the observation 
that in this range of densities T decreases 
during isentropic expansion at about the 
same rate that В increases and the product 
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(ТВ) is therefore approximately constant. 


The integral [ dv/(v — a) is apparently 


the same for а given initial and final density 
for at least most condensed explosives since 
a(v) is the same function of v for these 
explosives. Thus it is evident that the 
condition in Equation (5.7) applies to con- 
densed as well as gaseous explosives. W(z) 
and p(x) may thus be studied in the general 
case by observing simply the p(x) distribu- 
tion. That is, р(х), W(x), and р(х) should 
all vary in about the same way, and the 
measurement of one serves through the 
hydrodynamic theory to define the other 
two. 

Taylor obtained the р(х) distribution 
theoretically by assuming that p(z/z.) is 
time independent (z, is here the total 
distance from the wave front to the point 
of origin and = is the distance measured 
from the wave front to & particular charac- 
teristic behind the wave front). Under this 
assumption it is then only necessary to 
know the boundary conditions and the time 
that the wave has been propagating to 
determine р(х), W (x), and p(x) from p(z/z.) 
and р(х/то), since each characteristic in the 
wave will remain fixed in time in an z/z, 
diagram. The validity of the theoretical 
р(х/х,) contours will then rest entirely on 
the validity of the boundary conditions 
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assumed in the model and the assumed time 
independency of the p(x/z.) characteristics. 
For the ideal isentropic gas рр ' = con- 
stant and С = C.(p/p:)°~””. Using these 
relations in Equation (5.6), one obtains 


—W (2) + Ws = 2041 — (р/р) 9-0] /(у — 1) (5.9) 
and 
(х) + C(z) = D — 4(у + 1) (Ws — W(z)] (5.10) 


Hence if the distributions of W(x) and 
C(z) for a given time & are plotted against 
т/т., one obtains straight lines. According 
to Taylor, if the detonation starts at one 
end, W; at this end is found by setting 
W + C = 0, giving Ws = W: — 20/(у + 1) 
which is negative. For the case W, = 
iD and у = 1.3, the Taylor theory gives 
W, = —0.53D, and W(x) then varies 
linearly from W, = D/3 at x = 0 to zero 
at about 0.4 z,(r, = Dt), and finally to 
W: at x = то. In case the tube is closed at 
the end, Taylor indicated that W(x) = 0 
from z, > z > 0.4 (the lower limit should 
in general be 0.5 for gases) and then rises 
linearly to W: at z = 0. The stagnation 
region (W = 0) is given by setting W(z) = 
О in Equation (5.10), giving C/D = 1 — 
(y + 1)W:/2D = 0.5 since W: = D/(y + 1). 

For TNT Taylor obtained the W(z) and 
р(х) curves by application of the Jones and 
Miller equation of state (Chapter 4, Refer- 
ence 25) in & numerical integration of 
Equation (5.6), obtaining for а plane deto- 
nation wave a stagnation region (in a 
hypothetical closed tube) extending over 
1.0 > 2/1. > 0.43. In the region 0 < 
х/т, < 0.423 the W(z) curve of Taylor for 
TNT was slightly S-shaped (but nearly 
linear) from 0.25 at т = 0 to 0.125 at the 
inflection point (2/2, ~ .18) and finally to 
zero at about 0.43. The p(z) curve was 
also slightly S-shaped from 1.5.10" dyne/ 
cm аё z/z, = 0 to 3.8-10? dyne/cm * at 
0.32 < z/z, < 1.0. Taylor also obtained 
& solution for а spherical detonation wave 
in TNT. In this case the stagnation region 
extended only from 0.59 < z/z, < 1.0, and 
the p(x) and W(z) curves fell more sharply 
at first and showed more curvature (with- 
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out an inflection) than in the plane-wave 
solution. 

Similar developments have been given 
for gases by Doering and Burkhardt’ and 
Pfreim.” The former gave for the p(z) 
relation the result 
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Dt y 


for p > p(x) > ру, where ру is the density 
in the stagnation region (0.5 < z/z, < 
1.0). Hence р, is given in this model by 


ру = pally + 1)/3]t67» (5.118) 


These equivalent theories did not, of course, 
take into account the influence of lateral 
expansion and/or heat loss. In condensed 
explosives, edge effects prevent ideal condi- 
tions such as those described by these 
investigators from applying more than 
about one charge diameter along the axis 
of a cylindrical charge and shorter distances 
off the axis. Even under the maximum 
available confinement, according to evidence 
described below, these idealized conditions 
cannot apply in condensed explosives 
appreciably more than d behind the wave 
front even on the charge axis. Figure 5.2 
illustrates diagrammatically the influence of 
lateral rarefaction, or release waves, in a 
more general case than the Langweiler one, 
ie. one with at least some variation in 
р(х) for W(x) positive. Here the dotted 
lines represent constant р(х,у,2), W(z,y,z), 
and/or p(z,y,z) contours, the rate of change 
between successive contours being indicated 
by the density of spacing of the contours. 
The heavy line outlining the triangular 
region observed in flash radiography cor- 
responds to the region of sharpest rarefac- 
tion. Figure 5.2 is based on what the author 
considers the best experimental evidence 
for the p(z,y,z) relations in the detonation 
head discussed in the third section. 


Experimental Detonation Head in Gases 

The р(х) curve for gases was investigated 
by Kistiakowsky and Kydd (Chapter 4, 
Reference 33), using the time-resolved 
(continuous) radiographic method. They 
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Figure 5.2. The phenomenalistic steady-state detonation head in an unconfined cylindrical charge. 


used a 10-cm (1.4.) tube 133 cm in length 
and observed р(х) at 69 cm from the plane 
of initiation, obtaining initiation over the 
entire cross section of the tube by shooting 
through a diaphragm. The observed p(z) 
curves were superficially in agreement with 
Equation (5.11) and the condition р(х) = 
constant for z > 0.5 z. However, their 
results showed significant deviations from 
the theoretical predictions (cf. Figures 1 and 
2, Reference 33, in Chapter 4). For example, 
the region 0 < z < 10 cm (i.d.) resembled 
much better the flat-topped detonation 
head of Langweiler than the detonation 
head of Taylor, Doering, and Burkhardt, 
and Pfriem. It appeared also that the 
(apparently) lower-than-predicted р(х) dis- 
tribution in this region was compensated 
by a higher-than-predicted p(z) distribution 
for z > d, as though а backward flow against 
the end of the tube allowed the density to 
build up higher than py in the region 0.5 < 
х/т, < 1.0. This effect, also verified by 
р(х) measurements described below, is 
probably a significant departure from the 
theoretical Taylor-Doering-Burkhardt- 
Pfriem predictions rather than being due 
to experimental imperfections. 
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Figure 5.3 shows four p(t) traces ob- 
tained by Bryan, Cook, Lee, and Olson! 
with the 2Н,-10, mixture at 18 psia in a 
1-in.-diameter steel tube at distances of 57, 
97, 137, and 177 cm from the point of 
flame initiation and about 20, 60, 120, and 
130 cm from the point of formation of the 
detonation wave. The gauge was a dynamic, 
condenser-type pressure gauge having a flat 
response between 0 and 10 kc, a resonance 
frequency at about 20 kc, and a 100 рег 
cent rise time of less than 50 usec. It was 
located in the end of the tube in such a 
manner as to receive the full impact of the 
detonation head. This gauge, while not as 
accurate and free from noise as could be 
desired, proved considerably better than a 
piezoelectric gauge." It developed, however, 
& spurious peak or overshoot caused by 
shocking of the gauge at the beginning of 
the shock pulse. If one ignores this spurious 
peak of the curves of Figure 5.3, the same 
type of pressure flat as was found in the 
р(х) measurements of Reference 33 in 
Chapter 4 is indicated. Moreover, this 
flat appeared, from many such теазиге- 
ments, to grow with charge length up to 
about 20d to 40d, where it eventually 
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Figure 5.4. Total impulse and peak-pressure measurements of detonation head in 2Hr-O; at 12.5 psia 


reached steady state. (The secondary pulses 
shown in Figure 5.3 are the result of second- 
ary reflected waves.) 

The establishment of steady-state condi- 
tions is illustrated by the peak pressure and 
total end impulse versus column-length 
measurements shown in Figure 5.4 for 
2Н,-О, at 12.5 psia taken from Reference 1. 
Similar measurements are shown in Refer- 
ence 6, Chapter 3, Figure 3. 

Paterson” studied the particle-velocity 
W(z) relations in gaseous explosives by 
means of the Taylor model. Following 
Paterson, using Equation (5.10) and defin- 
ing the particle flow by 


т = (W +C) (5.12) 
one obtains 
W = Ws — 2D(1 — z/Dt)/(y + 1) (5.13) 


The motion of a material element is de- 
scribed by the Lagrangian solution defined 
by 


dW aW | ә 


— — (5.14) 
dt at oz 
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By successive integration this gives finally 





= (1-738)! 
Dt, y¥+1D/t 
(5.15) 
y -10C, ft Mort) 
(IHE) 


where $, is the time the material element 
passes the C-J plane. Equation (5.15) de- 
scribes the particle path in an open tube. 
In a closed tube W becomes zero at the 
(z’,t’) plane defined by 


z'/Di' = 1 — (y + 1)W:/2D = $ (5.16) 


and the particle decelerates according to 
Equation (5.51) to the (т) plane and 
then remains at rest thereafter; but in a 
tube open at the ends the particle reverses 
its motion at (z’,t’) and then accelerates in 
the reverse direction for z > х and t > Ё. 
Paterson showed that the arcs observed by 
Bone and Frazer in acetylene-oxygen mix- 
tures associated with discontinuous luminos- 
ity of the detonation products have an 
(apparent) particle motion essentially like 
that described by Equation (5.15). At best, 
this method of observing W (z) is only very 


DETONATION WAVE SHAPE AND DENSITY PROPERTIES 97 


approximate. One depends on some sort of 
fluctuation in luminosity to observe the 
arcs or striations, but these striations are 
themselves the result of fluctuations in 
material motion (along the walls of the 
tube) and complex shock-wave phenomena. 
Moreover, this method for observing W (z) 
does not give information on the particle 
motion early in the process after the material 
passes the C-J plane, because this most 
important region is masked by complete 
and uniform luminosity, rendering impos- 
sible the use of any reference condition, such 
as the aperiodic striations, to measure 
time-space variations. The fluctuations 
providing the reference points used by 
Paterson to observe W (z) are по doubt due 
to secondary shocklets and other unknown 
factors all of which would tend to upset to 
some extent the particle motion. In fact, 
the regions of intensification of luminosity 
(striations) may actually be propagating 
through successive material elements. 

Finally the Taylor-Doering-Burkhardt- 
Pfriem р(х), Ж (х), and р(х) distributions 
should lead to nonideal detonation for all 
appreciable values of а,/=, even under 
perfect confinement, because the C-J plane 
would then appear at a value of z where 
the rarefaction should extend into the 
reaction zone itself. There is no reason, in 
other words, why chemical reaction should 
prevent the  Taylor-Doering-Burkhardt- 
Pfriem rarefaction from moving into the 
reaction zone itself if a,/x, is appreciable. 
Since the Taylor р(х) distribution changes 
uniformly in time, but a, remains essentially 
constant, the velocity should not be con- 
Stant in the nonideal region. Instead it 
should increase uniformly with charge 
length. Hence a,/z, should decrease linearly 
in time, and D should therefore increase 
until a,/z, becomes negligible after which 
it should remain constant. Velocity tran- 
sients of this sort have not been observed 
in gaseous explosives. 

In summary of the observations in gases, 
the following conclusions seem justified. 

(1) There is an anomalous (approxi- 
mately flat) region observed in p(x) and 
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p(x) measurements immediately following 
the detonation front which (over а limited 
range of propagation) seems to grow in time 
(or with distance) from the point of initia- 
tion. 

(2) Eventually а steady-state head is 
developed after which the Taylor-Doering- 
Burkhardt-Pfriem conditions no longer 
apply, but instead the р(х), p(x), and W(z) 
contours seem to become steady. 

(3) Тһе  Taylor-Doering-Burkhardt- 
Pfriem conditions seem to apply approxi- 
mately in sufficiently early stages of propa- 
gation of the detonation wave only behind 
the anomalous region referred to in (1). 


Experimental Detonation Head in Con- 
densed Explosives 


The triangular region illustrated in Fig- 
ure 5.2 for unconfined, cylindrical charges 
has been observed in flash radiography at 
Ballistic Research Laboratories, Aberdeen 
Proving Grounds, Maryland, by Clark and 
Seely, Bridenbach, and others, and in 
Germany by Trinks and Schall (see Figure 
2.10). These radiographs show clearly the 
importance of release waves in unconfined 
charges and, moreover, demonstrate that 
these release waves have a fairly sharp front 
of velocity very close to the value (D + 
W)/2 of the Langweiler theory. However, 
only qualitative measurements of p(x) have 
been possible from flash radiographs owing 
to blurring and nonuniformity of the X-ray 
burst. 

It has been shown by any of a number of 
experiments involving end effect (e.g., the 
impulse loading of а target at the end of a 
cylindrical charge) that а steady-state 
detonation head is developed in all con- 
densed explosives, whether confined or 
unconfined. For example, one finds that 
the total momentum and energy of jets 
from shaped charges (as measured by hole 
volumes and depths of penetration in 
homogeneous targets) increase with the 
length of the charge up to about three to 
four charge diameters in unconfined charges 
and four to five diameters in the most 
heavily confined ones. Beyond this optimum 
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Figure 5.5. Variation of end effect with charge length. 


or maximum effective length Lm , no further 
end effect is developed. This may be demon- 
strated also by measurements of the com- 
pression of lead blocks, the limits of sym- 
pathetic detonation, and various other 
means. It is interesting, moreover, that the 
maximum effective length is about the 
same (L, = 3.54 in the unconfined case) 
for all condensed explosive whether of high 
or low density (see Figure 5.5). This indi- 
cates that the steady-state condition de- 
pends primarily only on the geometry of 
the charge and is nearly independent of 
density and composition. 

The end effect for charges of L/d > 3.5 
has also been shown in shaped-charge (cf. 
Chapter 10) and other studies to vary 
approximately as the cube of the diameter 
of the charge—actually as the cube of an 
effective diameter d’ which takes into 
consideration a small edge effect. Thus a 
quantitative correlation of results was 
obtained in early shaped-charge studies by 
assuming that the detonation head or 
conical region is approximately the Lang- 
weiler p- and W- flat of base diameter and 
height а’, where 


d' = d — 0.6 cm (5.17) 
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0.6 cm representing an edge effect for uncon- 
fined charges. The correction term is less for 
confinement, approaching zero at maximum 
confinement. Equations (5.2) to (5.5) and 
(5.7) were also found to be in good agree- 
ment with unpublished measurements of 
the total momentum of shaped-charge jets. 
Moreover, on the assumption that hole 
volumes in uniform targets vary in direct 
proportion to the kinetic energy of the jet 
formed by absorbing all of the momentum 
and kinetic energy of the detonation head, 
Equations (5.2) to (5.5) were found to be 
in agreement with experimental studies 
which showed hole volume to vary directly 
as the products dp. . Charges of constant 
dimensions were first shown by the author 
and L. B. Seely (Figure 2.8) to give hole 
volumes that varied in direct proportion to 
the detonation pressures computed by 
hydrodynamic theory. It is significant, 
moreover, as was shown from the results of 
extensive scaling studies, that the optimum 
cone-wall thickness for a shaped charge is 
that giving a mass approximately equal to 
the total mass M of the detonation head 
given by Equation (5.5) This is in agreement 
with the well-known mechanical condition 
for maximum transfer of both momentum 
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and kinetic energy from one body to an- 
other in a perfectly elastic collision. 

The influence of confinement on the total 
end effect has been investigated only over 
limited ranges of charge diameter. In the 
range of diameters between about 1.5 and 
2.0 in., experimental results indicate that 
the maximum effective confinement obtain- 
able with steel is reached with a tube of 
about 15 in. in thickness; thicker tubes 
apparently added no additional confinement. 
Also, it was found that with maximum 
confinement the effective charge length Lm 
in this range of diameters increased only 
about one charge diameter above that with 
unconfined charges, while the total end 
effect about doubled. This means that the 
steady-state, effective, detonation-head mass 
increased by а factor of about two, while 
its axial length increased only one-third in 
this range of diameters by increasing from 
zero to maximum effective confinement. 
This can be explained on the assumption that 
instead of commencing at its terminal 
velocity (about 0.6D) at the wave front, as 
it does in unconfined charges, the release 
wave front for heavily confined charges 
undergoes an acceleration commencing at 
the wave front, as the local velocity of the 
confining medium increases, until at about 
1.7 to 2.0 cm behind the wave front the 
terminal velocity is finally reached. The 
distance behind the wave front required 
for the terminal velocity to be reached is 
expected, from experimental evidence, to be 
almost independent of diameter, at least 
for diameters greater than about 1 in. 
Hence if М, is the mass of the detonation 
head in the unconfined charge of length 
L > La and AM is the increase in mass 
for the same charge under maximum con- 
finement, then, according to the above 


arguments, 


AM/M = k/d (5.18) 


where k is & constant varying between 
about 3 and 5 cm. 

Other observations that reveal qualita- 
tively the geometrical characteristics of the 
detonation head have been described by 
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Rinehart and Pearson” in studies of im- 
pulsive loading of steel targets by explo- 
sives. For example, they showed that if one 
detonates a cylindrical charge end on against 
a large steel Liock, one may observe the 
mirror image of the conical detonation head 
on the target. Moreover, the structure of 
the detonation wave may be inferred from 
the damage patterns in the target, as de- 
scribed by these investigators (Chapter 13). 


The Wave Front 


In many discussions of stable detonation 
waves, plane wave fronts are assumed to exist. 
Actually stable, plane wave fronts do not 
exist, at least in condensed explosives, as 
shown by Cook e£ al.’ Below are summarized 
some of the important results of these 
studies. 

(1) The wave front emerging from the 
end of an unconfined cylindrical charge was 
in general spherical in shape (i.e., it was a 
spherical segment) both in ideal and non- 
ideal explosives, except at the very edge of 
the charge where slight edge effects may 
sometimes be observed (Figures 5.6a-e). 

(2) The radius of curvature Е of the 
spherical wave front for point initiation of 
a cylindrical charge increased at first 
geometrically (R = L) but quickly settled 
down to a constant or steady-state value 
R,, significantly at L > Г. This is illus- 
trated in Figures 5.7a, b. 

(3) The steady-state curvature-diameter 
ratio R,/d varied from about 0.5 at the 
critical diameter 4. to a maximum of 3 to 
4 at d > d.. (The unconfined critical 
diameter for propagation of the detonation 
wave varies from about the edge effect 
value 0.6 cm for ideal explosives of very 
high reaction rate to very large values for 
nonideal explosives of low reaction rate, 
e.g., it is about 10 to 15 cm for pure AN 
of —65+100 mesh particle size.) The 
maximum values of R/d in ideal detonation 
were observed only at diameters well 
above da (cf. Figures 5.8a through 5.8h; 
also compare with Figure 3.4). 

(4) The wave shape observed at large 
L/d was independent of the type of initiator 
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Figure 5.6d. 
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Figure 5.6е. 
Representative plots of reduced data showing 
sphericity of wave front. 
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used or the initial wave shape. While one 
may, by the use of appropriate wave-shaping 
boosters, initiate a charge to propagate 
initially with almost any desired wave 
shape, as L increases, the shape of the wave 
front quickly reverts to the steady-state 
spherical one of R = R,, characteristic of 
the explosive. 

In ideal explosives Rm/d generally fell 
between 2.0 and 3.5. Hence one makes no 
appreciable error in discussions of ideal 
explosives to treat the wave front as plane. 
However, the assumption of plane wave 
fronts may entail difficulty in nonideal 
explosives, particularly in discussions con- 
cerning the region of the critical diameter 
where К„/4 approaches 0.5, or in ideal 
explosives of small charge length. 

The above facts permit one to write the 
following equations pertaining to wave 
shape: 


Е;(у;) = constant; у<у' (5.19) 


R; = radius of curvature of the wave at a 
particular charge length and at a point on 
the wave front a distance y; perpendicular 
to the charge axis; y’ is the effective radius 
of the charge, defining effective radius to 
exclude the slight edge effect which did not 
exceed 2 mm in any case. Equation (5.19) 
simply expresses the experimental fact 
that the wave front is in general spherical 
in shape. There is no question regarding 
the validity of this result, especially in 
large-diameter charges, e.g., where d > 7.5 
cm, where the resolution is especially good. 


R S L; 
R = Ra = 


L< Rs: 
L > Rm 


(5.20) 
constant; 


Equation (5.20) expresses the facts shown 
in Figures 5.7a and 5.7b that the spherical 
wave front expands geometrically for a 
length nearly up to Rm and then settles 
down surprisingly rapidly at L ~ Rm in 
at least some cases to the steady-state value 
Rm. For theoretical purposes the assump- 
tion of a sharp, discontinuous change from 
spherical expansion (R = L) to the steady- 
state wave front (R = Rm) is reliable almost 
within experimental error, as indicated by 
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40/60 RDX-salt, the change from geo- 
metrical to steady-state propagation was 
also quite abrupt. The steady-state wave 
shape may perhaps be described by the 
equations 


Е„/4 = 3.5; 
Е»/4 = f(a./d, X); 


a,/d «1 
a,/d finite, 


(5.21) 


that is, if one assumes the density effects 
to be associated with finite а,/4. Here X 
represents yet unknown factors determining 
wave shape in the region of finite ао, 
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Figure 5.85. Е „/4 versus d in some loose, nonideal explosives. 


the dotted horizontal lines in Figures 5.7a 
and 5.7b. This situation was particularly 
definite in the nonideal explosives, coarse 
TNT, and 50/50 TNT-SN, in 5- and 10-cm 
diameters. In the cases of low density, fine- 
grained TNT and EDNA, where detonation 
was well into the ideal region, the results 
indicated а more gradual change from 
geometrical expansion to steady-state wave 
shape. In RDX, 50/50 “Pentolite,” and 
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possibly involving besides a,/d, the density 
pı, and the detonation pressure рз. Equa- 
tion (5.21) expresses the extensive R,,/d 
versus d results obtained in the studies in 
the author’s laboratory. The problem in the 
interpretation of wave-shape results involves 
(1) the elucidation of the factors included 
in X and (2) the determination of the 
function f. These functions have not yet 
been formulated. But the nature of the 
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Figure 5.8e. Influence of inert additives on 
wave shape. 
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Figure 5.8f. Wave shape in tetryl and PETN 
near dm . 
unknown variable X and function f may 
perhaps be understood in part from the 
following considerations. 

In the geometrical expansion stages of 
the wave during which В = L, the edge of 
the charge or the reaction-zone length a, 
cannot influence wave shape. Moreover, in 
this region all explosives are experimentally 
alike, in spite of different velocities or 
velocity transients, as the case may be. The 
influence of explosive characteristics comes 
into play apparently quite abruptly in the 
region of the limit of geometrical expansion, 
that is at L = В». At this length the only 
effect of explosive characteristics is арраг- 
ently simply to prevent any further change 
in the wave shape; the differences between 
explosives regarding wave shape reside in 
the value of L at which steady-state condi- 
tions are established. Values of R,,/d and 
L/d at the (apparent) discontinuity (or 
rapid curvature of the Rm/d versus L/d 
curve) in transfer from spherical expansion 
to steady-state wave propagation fall in 
the range 0.5 < R,/d < 3.5 and 0.5 < 
L/d « 3.5. The lower limit corresponds to 
the critical diameter d, ; the wave front is, 
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Figure 5.8h. Wave shape in aluminized ex- 
plosives. 


in the cases studied, a hemisphere at de. 
This is a very striking result and adds 
considerable insight into the nature of 
detonation at the critical diameter. Ob- 
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viously, a spherical wave front cannot 
exhibit an Rm/d less than 0.5. But apparently 
the wave continues to propagate right up 
to the point where the wave front becomes 
a hemisphere, in some cases at least. The 
upper limit of about 3.5 is just the value of 
L/d at which the end effect in detonation 
attains its maximum value in unconfined 
charges as shown, e.g., by extensive shaped- 
charge and other studies. The maximum 
effective length Lm for maximum end impulse 
(which can be established only within 
about 20 per cent) is approximately the 
same in nonideal detonation as in ideal 
detonation, namely, about 3.5d. One finds, 
as discussed above, that the end effect for 
charges of constant composition, density, 
and diameter continues to increase with 
charge length up to L/d = 3.5, above which 
it remains constant. Moreover, when plotted 
in reduced units (5/5, versus L/d, where à 
is, eg, the lead-block compression or 
penetration of а shaped charge at length 
L < La, and à, is that at length L > La) 
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curves of this sort may be approximately 
superimposed irrespective of the charge 
diameter by taking into account the edge 
effect, mentioned above, which is approxi- 
mately a constant (about 0.6 cm). End 
effect in unconfined charges for charges of 
1/4 > 3.5 varies as (4)? where d = 
(d — 0.6). It appears, therefore, that when 
a./d is negligible, the same factor or factors 
which limit end impulse apparently also 
limit R so that Lm and Rm then (and only 
then) coincide. But other factors, including 
large a,/d and perhaps also low density 
(although the density effects shown here 
might be simply an a,/d effect caused by 
change of detonation temperature with 
density), enter to limit Rm. Hence, in 
general, В» < La. 

The detonation-head model, summarized 
below, gives an explanation for the upper- 
limit value Ё„ = 3.54, as well as the 5/5, 
versus L/d curves obtained in end-impulse 
studies. Rarefactions from the sides (release 
waves) reach the charge axis (at a distance 
about d behind the wave front) after the 
wave has traveled the length L, = 3.54. 
For L > La the detonation head propagates 
in steady state. Wave shape is also steady 
in all cases at L/d > 3.5, apparently simply 
because at L > Lm all effects of the point 
of initiation have been erased by the 
influence of lateral rarefactions or release 
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waves. This situation is illustrated in 
Figure 5.9. 

No direct relationship between the wave- 
Shape curves and corresponding velocity 
ones has been found. Moreover, as seen 
from Figure 3.4, the R(d) curves are not 
related to the D(d) curves. The most strik- 
ing feature of ideal explosives is that, in 
low-density granular explosives of constant 
density and particle size, R,./d continues to 
increase with diameter at diameters as 
much as 10 times greater than 4%, the 
minimum diameter for ideal detonation. 
Detonation was ideal for RDX and PETN 
at 4 above 1 cm, for tetryl at 4 above 1.5 
cm, and for TNT and EDNA at d above 
2.5 to 3.0 cm. In RDX, R,/d increased 
with d up to about 10 cm; in tetryl, EDNA, 
and TNT it was still increasing at 12.7 
cm; and in PETN it was increasing quite 
sharply at d = 2.5 cm. Moreover, for TNT, 
strong particle-size effects were observed at 
5.2-em diameter, as shown by the results 
with pressed TNT. These results are quite 
likely simply a./d effects and show that 
a,/d is still appreciable at de and even at 
values as large as 10 då . They аге in agree- 
ment with the detonation-head model in 
which an explosive should become nonideal 
only when a,/d becomes greater than about 
unity; i.e., the streamline along the central 
axis of charge is the one that determines the 
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Figure 5.9. Development of detonation head in an ideal detonation with a,/d « 1.0. (Dotted lines 
are directed toward point of initiation for L < L and to apparent initiation point for L > La .) 
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velocity of detonation. According to the 
detonation-head model, as long as a, along 
this streamline is less than the maximum 
height of the triangular region or detona- 
tion-head cone, the velocity will be ideal 
at L > Lm , although if a, ~ а’ one observes 
a velocity transient in the length L < La. 
Only for a, values greater than the detona- 
tion-head cone height will detonation be 
nonideal at Lm > 3.5. This is discussed in 
Chapter 6. 

Finally, the facts that detonation wave 
fronts propagate in steady state in all cases 
as spherical segments and that the transition 
from geometrical expansion (where R = L) 
to steady state (where R = constant = Rm) 
is quite abrupt in some cases at least seem 
to show the absence of pressure gradients 
across the wave front. During geometrical 
expansion it is apparent that no pressure 
gradient exists across the wave front; 
otherwise, expansion would not be geo- 
metrical. It follows that at the limit of 
geometrical expansion (L = Rm), especially 
in those cases where the transition is quite 
abrupt, no pressure gradient should exist 
across the wave front. But wave shape 
remains unchanged for L > Rp; it main- 
tains the same spherical shape for L > Rm 
that it had at L = Rm. Hence in these 
cases at least no appreciable pressure 
gradient could develop across the wave 
front at any state of propagation since the 
appearance of a pressure gradient beyond 
L = Rm would obviously change the wave 
shape. Furthermore, if pressure gradients 
were to develop, sphericity of the wave 
front would quite likely not be general. 


Blast Contours 


Figures 5.10a through 5.10x each show 
one picture from & 23-exposure sequence 
of the following explosives: Fine, loose TNT, 
(a) at d = 2in., (b) at d = 4 in., 2-in.-diam- 
eter pressed TNT of densities (c) 1.13 
g/cc, (d) 1.24 g/cc, and (e) 1.33 g/cc; 
4-in.-diameter pressed TNT (f) at o = 1.13 
g/cc, (g) at 1.24 g/cc and (h) at 1.33 g/cc; 
cast TNT (1) in 2-in. and (j) in 4-in. diam- 
eters; —6+8 mesh, loose TNT (К) in 2-in. 
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and (1) in 4-in. sizes; (m) 2-in. pressed tetryl 
of density 1.4 g/cc; 50/50 amatol (n) in 
2-in. and (o) in 4-in. sizes; 50/50 sodatol 
(p) in 2-in. and (q) in 4-in. sizes; 50/50 
*Pentolite" (r) in 2-in. and (s) in 4-in. 
sizes; 80/20 '""Tritonal" (t) in 2-in. and (и) 
in 4-in. sizes; HBX (v) 2-in. diameter; and 
2-in. Composition B (w) in air and (x) in 
propane. In all cases contours were photo- 
graphed after the detonation wave had 
traveled at least three charge diameters or 
sufficient distance to become stabilized at 
least toward the wave front. These charges 
were all detonated in air (except for x which 
was in propane) and suspended free from 
obstructions in order that interference with 
the contour be kept at а minimum. 
Examination of the steady contours 
reveals striking similarities for the various 
explosives. The luminous region within the 
charge of Figure 5.108 immediately behind 
the detonation front occurred because the 
explosive was encased in an acetate-sheet 
cylinder. In the other cases shown, the loose 
charges were encased in thin paper tubes, 
while the cast and pressed charges were 
bare. In general, the contours subtended a 
maximum angle at the wave front and a 
decreasing angle rearward from the front, 
notable exceptions being the  nonideal 
explosives 50/50 amatol and 50/50 sodatol. 
Also the curvature of the contours generally 
decreased from the front rearward, becom- 
ing nearly straight in many cases about two 
diameters behind the wave front. At a 
distance of approximately two charge diam- 
eters behind the detonation front, the 
contour angles subtended by Composition B, 
HBX, 80/20 “Tritonal,” 50/50 “Pentolite,” 
pressed tetryl, and cast TNT were indis- 
tinguishable within the reliability of the 
measurements, the best value being about 
72°. This angle further appeared to be 
independent of charge diameter insofar as 
results with these explosives were the same 
for both 2-in. and 4-in.-diameter charges. 
The measurement of contour angle at the 
wave front was somewhat less reliable than 
at given distances behind it, since the 
curvature of the contour was greater at this 
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Figure 5.10a-z. Steady-state blast contours. 


point. This angle was apparently also 
virtually the same for the above explosives, 
although there seemed to be a slight trend 
for tetryl to exhibit a smaller angle and 
50/50 ‘‘Pentolite” a larger angle. 

In order to appreciate the significance of 
these similarities, it is essential to under- 
stand the phenomena that produce the 
contours. The portion immediately behind 
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the detonation front certainly is formed by 
a shock wave generated by the detonation 
front, which moves laterally away from the 
charge with decreasing velocity as the shock 
pressure decays. The rapid decay of this 
shock wave at the front explains the curved 
leading section of the contour. This outward- 
moving shock wave is only responsible for 
the front portion of the contour, with the 
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laterally expanding detonation products 
coming into view approximately two charge 
diameters behind the front and forming the 
remainder of the profile. Several experimen- 
tal results form the basis for this conclusion. 

For Composition B, HBX and similar 
powerful cast explosives detonated in a 
propane atmosphere the blast contours are 
not curved, as in shots made in air, but 
instead are generally quite straight showing 
in every case constant velocity lateral 
expansion, although they exhibit to a small 
extent a curved section immediately behind 
the wave front. Furthermore, they sub- 
tended about the same angle their entire 
length that the contours in air subtended 
in the vicinity of two diameters behind the 
front. Owing apparently to cracking of the 
propane, and quenching of the plasma dis- 
cussed in Chapter 7, the shock front pro- 
duced insufficient light to be recorded under 
these conditions. Therefore the contours in 
propane apparently were formed completely 
by the expanding detonation products, ex- 
cept possibly for a very short section at the 
detonation front where the shock intensity 
was at its maximum. 

An estimate of the temperature at a given 
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Figure 5.11. Cross-sectional diagram of a blast 
contour in air. 
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spot can be ascertained from the color. 
Qualitatively, the leading portions of the 
contour generated by the shock wave are 
seen to be of high temperatures, as evi- 
denced by the bluish-white color. (Actually 
this may be misleading in view of the plasma 
in the shock front in air.) On the other 
hand, about two diameters behind the 
front, abrupt discontinuities in color oc- 
eurred. These lower-luminosity areas are 
brown and, from the color photographs, 
appear to be about the same temperature 
as the entire contour for the same explosive 
(except right at the wave front) in propane. 
Consequently, the brown-colored areas have 
been interpreted as being sections of the 
blast contour in which the expanding deto- 
nation products have overtaken the air 
shock generated by the detonation front 
and have become visible. 

Figure 5.11 illustrates а cross-sectional 
view of the concept of the blast contour 
based upon the above results. In this figure 
the outward-moving boundary of the 
detonation products has been drawn as a 
straight line intersecting the air shock front 
two diameters from the detonation front. 
Although the expansion front of the detona- 
tion products is not straight in the strictest 
sense, as drawn in Figure 5.11, the contour 
photographs obtained for the detonation of 
charges in propane show that this expansion 
front very nearly approaches a straight line. 

In terms of this interpretation of blast- 
contour formation, it may be concluded 
that, within the accuracy of the measure- 
ments, the ratio of the radial component of 
the detonation product's expansion-front 
velocity and the detonation velocity V/D 
is essentially & constant, independent of 
diameter for the explosives mentioned. That 
is V/D = tan 36 = 0.73. What this fact 
indicates concerning the expansion of prod- 
ucts within the charge immediately behind 
the detonation front is, of course, open to 
question. The latter region is of most interest 
in gaining fundamental understanding of 
the detonation process and phenomena 
associated with it, such as end effect (shaped- 
charge effect, lead-block compression, etc.). 


DETONATION WAVE SHAPE AND DENSITY PROPERTIES 


However, the fact that V/D is nearly a 
constant may signify that expansion within 
the charge is also a function of D only as 
suggested in the postulates of the detonation- 
head model wherein the fronts of lateral 
rarefaction waves starting at the detonation 
front progress into the detonation products 
with a velocity equal to 58), the conical 
region between the detonation front and 
the boundary formed by these lateral 
rarefaction fronts being called the detona- 
tion head. This is, moreover, indicated by 
flash radiography. 

Aside from the similarities exhibited by 
contours of various explosives, there are 
some marked differences shown by some 
explosives. Sodatol (50/50) is a notable 
example, as can be seen by examination of 
Figures 5.10p and 5.104. This explosive 
exhibits a contour which curves outward, 
beginning rather abruptly in the region 
about two charge diameters behind the 
detonation wave. The changes in expansion 
velocity of the products in this region 
probably are caused by reaction of the SN 
which occurs after the TNT has reacted 
and a considerable time after the front has 
passed (see Chapter 6). One would expect 
a similar contour for 50/50 amatol. Figure 
5.10n does seem to show this tendency 
somewhat, although to a lesser extent. 

In contrast to the contour of 50/50 
sodatol —6+8 mesh TNT exhibits a 
contour which is curved in the direction 
opposite to sodatol. That is, the subtended 
angle decreases rather rapidly all the way 
from the front rearward. This character- 
istic shape for coarse TNT, at least in 
2-in. and 4-in.-diameter charges, is very 
reproducible, and one can recognize at a 
glance the blast contours of this explosive. 
Furthermore, it will be noted that the total 
contour angle subtended by coarse TNT at 
a given location with respect to the detona- 
tion front is greater than for the other 
explosives, and this difference seems to be 
more pronounced in 2-in.-diameter than in 
4-in.-diameter charges. The contour angles 
exhibited by loose TNT and pressed TNT 
are also greater than those of Composition 
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B, HBX, 80/20 “Tritonal,” 50/50 “Pento- 
lite" pressed tetryl, and cast TNT, al- 
though not as much as is exhibited by 
—6-8 mesh TNT. It appears that the con- 
tour angles for fine TNT, subtended at a 
point approximately two diameters behind 
the detonation front, decrease slightly with 
an increase in density, the angle varying 
from approximately 82? for loose TNT to 
about 78? for pressed charges of 1.33 g/cc 
density. In contrast to —6+8 TNT, the 
subtended angles appear to be independent 
of diameter, and the contours exhibit less 
curvature. According to these measurements 
the ratio V/D = tan 0/2 for the fine TNT 
charges varied from 0.81 to 0.84, depending 
on the density, thus indicating that the in- 
ward rarefaction may cut into the detona- 
tion products a little more sharply for this 
explosive than the ones previously men- 
tioned. 

For 50/50 amatol the contour increased 
with charge diameter at least over the range 
of diameters studies (2 in. and 4 in.). At 
d = 2 in. the contour subtended a total 
angle of about 70? two diameters behind 
the front, while at d — 4 in. the angle two 
diameters behind the front was in the 
vicinity of 81? and increased to about 90? 
at the front. 

Figure 5.12 contains a reproduction of a 
framing-camera sequence for —6+8 mesh 
TNT showing the detonation wave emerg- 
ing from the end of а 2-in.-diameter charge. 
The time between frames in this case was 
1.39 usec. Frames 1 and 2 show the detona- 
tion approaching the end of the charge. In 
frame 3 а narrow luminous region has come 
into view about one charge radius ahead of 
the leading portion of the blast contour. 
This luminous region is evidently the 
detonation front coming into view as it 
reaches the end of the charge. The situation 
existing in frame 3 is diagramed in Figure 
5.13, which shows the detonation front just 
emerging from the charge. The failure 
diameter of —6+8 mesh TNT is slightly 
smaller than 2 in., and therefore the radius of 
eurvature of the wave front in this charge 
was in the vicinity of 1 in. Owing to this 
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Figure 5.12. Detonation front emerging from а 2-in.-diameter —6+8 mesh TNT charge in air (1.39 usec 


between frames). 


small radius of curvature and a small edge 
effect of a few millimeters, only the leading 
portion of the front is visible in frame 3, 
and the blast contour appears to be about 
1 in. behind the visible section of the front. 
In the succeeding pictures a shock wave in 
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air corresponding to this front can be seen 
propagating forward from the charge, while 
the highly luminous region behind this thin 
shock wave may be attributed to forward- 
moving, reacting explosive. In contast, 
Figure 5.14 presents a corresponding series 
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(1.4 psec between frames) showing a detona- 
tion emerging from a 2-in.-diameter 50/50 
"Pentolite" charge which has a much 
larger radius of curvature. In this case the 
contour appears to connect with the front 
of the wave, as would be expected for fronts 
of large radii of curvature. However, the 
plasma described in Chapter 7 quickly 
separates from the products of detonation. 

Figures 5.15 and 5.16 illustrate the initia- 
tion and contour development of pressed 
TNT (р = 1.13 g/cc) and 50/50 amatol. 
Both charges were 4 in. in diameter and 
booster-initiated. The pictures in each 
sequence were 5.5 usec apart, although the 
original sequence was taken at four times 
this framing rate. In spite of the fact that 
the two explosives have widely different 
reaction times, it will be noted, upon exam- 
ining these figures, that the contour forma- 
tion is very similar. 


Free Surface Velocity 


Goranson is credited (Chapter 4, Refer- 
ences 20, 36) with the suggestion that one 
should be able to determine the p(x), W (=), 
and p(x) distributions in the detonation 
wave by studying the characteristics of the 
shock wave transmitted from the explosive 
into a thin metal plate in shock loading of 
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the plate by the detonation wave. In this 
theory, when a plane detonation wave 
strikes a metal plate at normal incidence, a 
shock wave is transmitted into the plate and 
another is reflected back into the incident 
wave such as to give a pressure - distance 
profile like that illustrated in Figure 5.17. 
The transmitted wave has a shock velocity 
D, and a particle velocity Wm related 
through conservation laws to velocity D 
and particle velocity W in the explosive. 
Upon reaching the free surface of the metal, 
the shock is reflected as a rarefaction wave, 
and the free surface acquires a velocity V, 
of approximately twice Wm. Hence the 
measurement of V, and D, gives а means 
of determining W, and p, through the 
equations 


Pm = pimDmWm (5.22) 


V, = 2W, (5.23) 


Moreover, by applying boundary condition 
(р + p) = pm and W, = W — Wa, ав 
indicated in Figure 5.17, one may compute 
the W(x) and р(х) characteristics from 
measured free surface velocity versus plate 
thickness [V,(t)] data from Equation (5.23) 
and the relation 


РОЙ + prD:(W — И) = ein DAWs 






Figure 5.13. Blast-contour diagram of wave emerging from —6+8 mesh TNT (d = 5 cm). 
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Figure 5.14. Detonation wave emerging from a 2-in., 50/50 ‘‘Pentolite’’ charge in air (1.39 usec be- 


tween frames). 


from which one obtains 
Wm/W = (pD + pirD,)/(pimDm + p-D+) 


giving finally, in the approximation p;,D, = 
piD generally assumed, the result 


W/W = V,/2W = 2nD/(nD + pimDm) (5.24) 
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Here subscript r refers to the reflected wave 
and m to the transmitted wave, and no 
subscript applies to the incident wave. In 
the steady state D = constant, and one 
thus measures directly W (х) through these 
equations. Also the ratio р„/р: may be 
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Figure 5.15. Formation of a stable blast contour in 4-in. pressed TNT, p; — 1.13 g/cc (5.5 usec be- 
tween frames shown). 


obtained as shown by Deal‘ from the rela- pD, = др) 
tion p = Pu(oimDm + piD)/2pimDm (5.25) 


т = mDm D rD, D mDm rD, > à 
тке tie NUMOS te ABTA ы Thus Equation (5.25) makes possible the 


from which one obtains (taking again determination of the C-J pressure p» by 
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Figure 5.16. Formation of a stable blast contour in 4-in-diameter, 50/50 amatol (5.5 usec between 
frames shown). ' 


extrapolation to zero plate thickness in where a, is appreciable by an extrapolation 
cases where the reaction-zone length a, is which ignores the spike. 

negligible. Deal assumed, furthermore, that In order that these relations apply most 
this extrapolation should give p» even accurately, it is necessary to select condi- 


Google 


DETONATION WAVE SHAPE AND DENSITY PROPERTIES 


tions for optimum impedance match, i.e., 
for pD = pimD», and in the case of appli- 
cation of Equation (5.25) to extrapolate to 
zero plate thickness. The impedance match 
is most nearly realized by use of a high- 
density, high-velocity explosive and a 
low-density metal. The Composition B and 
aluminum-plate combination has been stud- 
ied most extensively. In this p,D/pimDm = 
0.8. (A better impedance match would, 
however, result by the use of say cast 70/30 
plumbatol or 70/30 baratol. Moreover, in 
these explosives a, is much greater than in 
Composition B, hence, with these explosives 
one should more easily observe the spike, 
if it actually exists.) 

V, has been measured by the pin-oscillo- 
graph method by observing the free surface 
motion usually over a distance of about 2 
mm or less. Also, Walsh and Christian 
described a photographic technique for 
measuring both D, and V, simultaneously 
(see Figure 2, Reference 13). This method 
consisted of using а lucite strip in the 
experimental plate at an angle such that 
part of the strip was in the plate and part 
outside it. The outside part was covered by 
а 0.02-in. aluminum plate, leaving a 0.01-in. 
gap between the lucite and the aluminum 
strip which was filled with argon gas to 
intensify the luminosity resulting when the 
experimental plate struck the aluminum 
strip. The photographic trace then showed 
one straight-line section corresponding to 
the arrival of the shock inside the plate at 
the lucite strip, from which one could 
compute Dm, and another segment corre- 
sponding to the arrival of the surface of the 
plate along the aluminum strip from which 
V, was computed. The striking condition 
illustrated in Figure 3 of the paper by Walsh 
and Christian is that the latter trace was 
straight (showing a constant calculated V ;) 
over the entire trace, corresponding to 
about 1 to 1.5 cm of free surface travel. This 
result poses а very interesting problem. It 
requires either that the р(х) and W(z) 
distributions are flat, as in the Langweiler 
wave, or that another mechanism applies. 
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Figure 5.17. Shock transmission from explosive 
to metal plate (after Walsh and Christian) .13 


The results of measurement of the W(x) 
and p(x) distributions, as interpreted by 
the theory of free surface velocity, them- 
selves show that the p(x) and W(z) contour 
is not flat. Moreover, measurements of У, 
have been made over sufficient distances so 
that they would reveal successive reflected 
waves, if shock reflections of the type 
described by the theory actually do take 
place. 

According to the Los Alamos group, the 
approximation piD, = piD is a good one 
even in the case of а poor impedance match 
between the detonation wave and the 
plate." Under this approximation, therefore, 
one obtains from Equations (5.22) and 
(5.25) the result 


2p(z) = p2Wm/W2 + po (5.26) 
and, for p(z) = p», 
р: = р„(2 — W/W) (5.27) 


where W,, and р» correspond to the charac- 
teristic Из and pz of the detonation wave, 
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i.e., the beginning of the spike or, if the 
spike is ignored as in the study by Deal,‘ 
to the extrapolated (zero thickness) value 
of free surface velocity (ог Wn) for explosives 
of negligible reaction-zone length. 

A serious difficulty in the theory of V, 
is the fact that quite generally, independent 
of the plate material (or pımDm), the У, 
versus plate-thickness curves extrapolate to 
У, = 20, (within experimental error—see 
below). Using this result in Equation 
(5.26) gives р» = рг, in sharp disagreement 
with Equation (5.22), especially in cases 
where pinDm >> pıD. This can mean only 
that Equations (5.25) and (5.27), which are 
equivalent, are really both inapplicable. 

Deal obtained the following results using 
Dural plates (pin = 2.792 g/em ?). 

















75/25 
TNT | Gomes. | © Syd RDX 
pi(g/cm7?) 1.64 1.712 | 1.743 | 1.762 
Wa (mm/sec) 1.169 | 1.6945) 1.767 | 1.791 


pm (from Equa- | 0.2244] 0.3562) 0.3753| 0.3817 
tion (4.22)] 
p: [from Equa- 


tion (4.26)] 


0.178 | 0.293 | 0.313 | 0.235 


In the case of Composition B, Gehring and 
Dewey (Chapter 2, Reference 24) obtained 
pı = 0.24 megabars. Computed results by 
the hydrodynamics theory gave p: = 0.233 
in the inverse method by the a(v) equation 
of state; others have computed even lower 
pressures (cf. Reference 24 in Chapter 2). 
The values of Wm observed by Deal, how- 
ever, are within the experimental error of 
W: computed by the hydrodynamic theory 
except for TNT. But in this case the ex- 
trapolation of Deal is open to question, 
because it involved the theoretical supposi- 
tion of a broad spike. As pointed out by 
Deal, similar extrapolations of data using 
other metals of different impedance are 
required to evaluate this method of deter- 
mining р». Such measurements have been 
provided by Clay et al., together with an 
alternate interpretation of the V ,(t) data. 
Following & suggestion by Xavier de 
Callatay (Thesis, University of Utah, 
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August, 1956), the difficulty in the theory 
of free surface velocity presented by the 
group at Los Alamos Scientific Laboratory 
appears to reside simply in their description 
of continuity of particle velocity at the 
interface between the explosive gases and 
the metal plate. The assumption that the 
equations W, = W — И, and p.D. = pD 
correctly satisfy the boundary conditions 
fails to take into account the fact that this 
interface must quickly acquire a finite 
velocity W; following the initial impact of 
the front of this wave, and is never zero 
thereafter. The trace of Walsh and Christian 
(Figure 3 in Reference 13) shows, in fact, 
that, although the condition W, = И, — 
Wm may apply (where И, is the particle 
velocity in the front of the wave), one should 
replace W for subsequent shock loading by 
W — И. in which W;(t) increases rapidly 
to some finite, perhaps steady value. This 
takes into account the mass acceleration of 
the whole plate. Continuity of particle 
velocity should, in other words, be viewed 
relative to an accelerating rear boundary of 
the plate. The free surface velocity would 
then not be approximately 2W „ but approxi- 
mately 2Wm + W;. The introduction of 
W.(t) into the particle-velocity continuity 
equation then gives 


5D + pirD, (1 = W,/W) z Wn 
РР, + PimDm W 


As shown below, W; — 2W for infinitely 
thin plates. Hence, under this condition 
Й,„ = 0, and no shock is transmitted at 
all; the whole plate merely moves off at 
the velocity W;. This probably will be 
true also for all values of W; greater than 
about W. 


(5.242) 


Billiard -Ball Mechanism of V ,(t) 


The following treatment assumes a simple, 
perfectly elastic collision mechanism of the 
detonation head, described by Equations 
(5.2) to (5.5) with the plates in interpreting 
the V,(t) curves.’ Since the gases in this 
detonation head are at а density about 
one-third greater than in the original 
explosive, it is assumed that they are rela- 


DETONATION WAVE SHAPE AND DENSITY PROPERTIES 


tively incompressible and act in collision 
much like a solid. Therefore, the problem of 
hurling an inert object, such as a metal 
plate, may be treated in first approximation 
as a perfectly elastic (billiard-ball type) 
collision of the detonation head of mass M 
with a plate of mass M,. A more refined 
analysis would, of course, take into account 
the compressibility, density, and particle 
velocity variations in the detonation head. 
However, apparently this simplified model 
is quite adequate in handling not only the 
V,(t) problem but end effects in general. 

Applying the laws of conservation of 
momentum and (kinetic) energy in this 
idealized, perfectly elastic collision process, 
one may then write 


MW = MW. T V,M, 
MW: = MW. + 47И, 


where W. is the effective or average velocity 
of the head following collision. Eliminating 
W., one thus obtains 


V, = 2WM/(M + М, (5.30) 


where M is defined by Equations (5.5) and 
(5.4), using the edge effect [Equation (5.17)] 
to define d'. 


(5.28) 
(5.29) 
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According to Equation (5.30), V,(t = 0) 
is 2Wc.,, in agreement with observations. 
Moreover, at М = М», V, = Юсу and 
W. = 0; at this plate mass the kinetic 
energy of the plate following the collision is 
а maximum. This also is shown below to 
agree with observations. Furthermore, this 
mechanism gives theoretical absolute V,(é) 
data, i.e., requiring no empirical constants, 
shown also to be in excellent agreement 
with observations for M, less than ‘about 
2M. For heavier plates this model leads to 
somewhat too small a velocity, because then 
the gaseous products of detonation may 
continue to accelerate the plate following 
the initial elastic collision, especially for 
charges under heavy confinement. 

Figures 5.18 and 5.19 show plots of V, 
versus M, calculated from Equation (5.30), 
using Equations (5.2) to (5.5) and (5.17) to 
define the detonation head, for cast 70/30 
lead nitrate-IT'NT, tetryl, cast 40/60 amatol, 
and loose TNT. The experimental results for 
both brass and aluminum plates obtained 
by Clay et al. are shown by the separate 
points plotted in the V, versus М, diagram. 
These results show excellent agreement be- 
tween the calculated and observed V,(M;) 
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Figure 5.18. Plate velocity versus plate mass relationships for 2-in. cylindrical charges of 70/30 lead 


nitrate-TNT and tetryl at L > Lm. 
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Figure 5.19. Plate velocity versus M, relations for 2-in. cylindrical charges of amatol and TNT a 
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Figure 5.20. V, versus M, for tetryl in 1-, 2-, and 3-in. diameters at L > Lw. 


values. Moreover, clearly V, does not de- 
pend on the impedance pımDm ; instead it 
depends only on the mass M,. Figure 5.20 
shows & comparison between the computed- 
and measured-diameter effect оп V,. The 
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correlation is quite satisfactory. Further- 
more these results show clearly that Wi = 
Ис: , i.e., V,(M, => 0) = 2We-s , irrespec- 
tive of the impedance. Figure 5.21 shows 
theoretical plots of 3M,V2 versus M, to- 
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Figure 5.21. Kinetic energy versus Мр for 2-in. cylindrical charges at L > Г». 
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Figure 5.22. Comparison of theory with V,(M,) results of Kemtpon and Gourley for Composition 


C-4 in block charges (L > Lm). 


gether with the observed results for TNT, 
tetryl, and 40/60 amatol in the 2-in.-diame- 
ter charges. The results confirm the theory 
quite well when one realizes that errors in 
V, are exaggerated in kinetic energy. Figure 
5.22 shows comparisons of results computed 
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from the billiard-ball theory with unpub- 
lished results of Kempton and Gourley.’ 
The tendency for V, to increase above the 
value predicted by Equation (5.34) for 
M, > M is clearly evident in this compari- 
son. In Figure 5.23 is shown a comparison 
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Figure 5.23. Correlation of theoretical V,(M,) curves with data of other investigators. 


between the data calculated from Equation 
(5.30) and results of measurements by Duff 
and Houston, (Chapter 4, Reference 20), 
Deal,‘ and Mallory and Jacobs (Chapter 4, 
Reference 36). In the comparison of Figure 
5.23, information on the exact (effective) 
charge geometry was unavailable owing to 
the use of plane-wave lens systems. Hence 
the theoretical curves are based on estimated 
effective charge lengths. However, the im- 
portant comparison involves the extrapo- 
lated (zero M,) values; the use of an ad- 
justable constant (Z in this case) affects 
only the slope of the curves. Significant 
deviation from the theoretical curve occurred 
only in the case of two points measured by 
Mallory and Jacobs for the very low-density 
TNT (ри = 0.624) discussed in Chapter 4. 
Figure 5.24 shows the data of Figures 
5.20 to 5.23 plotted on the reduced scale 
V,/Wce-s versus M,/M,. It shows that, in 
accord with Equation 5.30, plate velocity 
versus mass data may actually be superim- 
posed by application of the billiard-ball 
type of collision model. This provides strik- 
ing evidence of the importance of density; 
the free-surface-velocity theory ignores the 
influence of density. The fact that, for 
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plates of constant area, plots of V, versus 
pt (t = thickness) superimpose curves for 
different metals using a given explosive of 
constant geometry shows clearly that the 
important factor in determining V, is the 
plate mass, not its acoustic impedance. 
Incidentally, plots of V, versus ¢ can of 
course be properly extrapolated to zero 
thickness to give the proper extrapolated 
V,(t = 0). However, for high-density plates 
this is more difficult than with low-density 
ones. But if one plots instead V, versus pf, 
he is much less likely to obtain an erroneous 
extrapolation with high-density metals, 
especially in view of results shown in Figure 
5.24. Furthermore, it is important to realize 
that the velocity identified as V, (free sur- 
face velocity) in the shock theory is experi- 
mentally identically the same as the velocity 
of the whole plate measured at relatively 
long distance from the plate. For this reason 
this velocity is here designated V, (plate 
velocity). 


Detonation-Head Model 


The detonation-head model was proposed 
in 1943 to explain results of end-impulse 
studies, particularly with shaped charges. 
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Mp/M, 
Figure 5.24. Plate velocity versus plate mass plotted in reduced units in terms of Billiard-ball model. 


However, since it appeares to provide a 
basis for interpreting experimental results 
of much more extensive nature, it is sum- 
marized briefly here for the case of a plane 
or nearly plane wave front. The concept, 
however, will be found to apply even in 
nonideal detonation if due consideration is 
taken of the influence of the shape of the 
wave front. 

Following initiation of a detonation wave, 
at least the main part of the rarefaction wave 
moving forward from the rear is assumed to 
lag somewhat behind or move forward at a 
lower velocity than the wave front. Between 
the wave front and the front of the (ap- 
preciable) rarefaction, the wave is considered 
to be approximately a W(x) and р(х) flat, 
as in the Langweiler simplified model. 
Rarefactions moving in toward the charge 
axis from the sides of the charge also are 
assumed to move at a velocity somewhat 
lower than the detonation velocity. This 
gives rise to a conical region (approximately 
truncated cones in the nonsteady-state 
region and fully developed cones in the 
steady-state region), i.e., the lateral rare- 
faction or release waves tend to eat away 
the rear rarefaction progressively as the 
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wave propagates forward and to annihilate 
it completely at L,. The detonation head 
then propagates for L > Lm in steady state 
not only at constant velocity but also with a 
steady-state р(х) and W(x) region of con- 
stant shape and size. To account for a 
conical head with an axial length of about 
one charge diameter in unconfined charges, 
one must assign the rear rarefaction front a 
velocity about 0.62D (using the observed 
value of the effective charge length Lm). 
This structure of the detonation head, ac- 
cording to the approximate model given 
here, is illustrated schematically in Figure 
5.1 for both the steady- and the nonsteady- 
state regimes. 

Pugh and his associates (classified Car- 
negie Institute of Technology reports on 
shaped charges) developed independently a 
model of the detonation head quite similar 
to the detonation-head model by postulating 
release waves equivalent to the author’s 
lateral rarefaction waves. However, they 
did not specify the p(z,y,z) and W(z,y,z) dis- 
tribution in their detonation head. Figure 5.2 
thus may be considered to apply more ac- 
curately to the Pugh detonation head than 
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to that of the author based on Langweiler’s 
р(х), W(x) flat. While the exact p(z,y,z) and 
W(z,y,z) distributions in the Pugh detona- 
tion head have not been worked out theoreti- 
cally, phenomonalism shows clearly that 
they cannot be greatly different from those 
in the simplified model based on the Lang- 
weiler postulates. Hence it is considered 
that the Pugh detonation head and that of 
the author are equivalent for all practical 
considerations of end effect. Even so, it is 
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quite likely that p(z,y,z) and W(z,y,z) are 
at least slightly variable in the detonation 
head, consistent with the fundamental con- 
siderations of hydrodynamics that isentropi- 
cally spreading rarefactions cannot have a 
discontinuous front, and that rarefactions 
may extend right up to the wave front. 
However, experimental observations empha- 
size the relative unimportance of rarefactions 
inside the boundaries of the detonation 
head. 
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CHAPTER 6 


REACTION RATES IN DETONATION 


Nonideal detonation is associated in 
general with a finite reaction-zone length a, 
or а finite reaction time т. More funda- 
mentally it is due to rarefactions eating into 
the reaction zone, causing an attenuation in 
the Chapman-Jouguet pressure and particle 
velocity, the detonation velocity being de- 
termined solely by conditions at the C-J 
plane relative to those in the unreacted 
explosive ahead of the wave front. Since 
nonideal detonation passes into ideal de- 
tonation as charge diameter is increased to 
dz , defined as the minimum diameter for 
ideal detonation, nonideal detonation has 
been attributed to lateral loss. However, 
even under hypothetical perfect confine- 
ment, one would expect nonideal detonation 
in an explosive of finite reaction-zone length 
in the Taylor model, because in this model 
the rarefactions moving forward from the 
rear of the wave extend right up to the shock 
front. Hence conditions at the C-J plane 
would be less than ideal in this model for 
any finite value of a,/L. But in the Lang- 
weiler model, as mentioned previously, a, 
must be greater than 3Dt/8 before detona- 
tion becomes nonideal in hypothetical per- 
fect confinement. In either case, however, it 
would seem possible, with sufficiently long 
reaction zones, to obtain nonideal detona- 
tion without lateral loss, i.e., under perfect 
confinement. А suitable theory of nonideal 
detonation should therefore include the in- 
fluence of both lateral loss and ideal rare- 
factions, whether of the type discussed by 
Taylor, Doering, Burkhardt, and Píriem, 
by Langweiler, or of whatever type is con- 
sidered to apply. 

Three theories of nonideal detonation 
have been advanced, namely the nozzle 
theory of Jones, the curved-front theory of 
Eyring et al., (Chapter 4, Reference 21) and 
the geometrical model of the author.' The 
nozzle and curved-front theories take into 


account only lateral loss and ignore the in- 
fluence of the ideal rarefactions. 


Nozzle Theory 


Jones considered the front portion of the 
detonation wave as simply & shock wave 
traveling through the unexploded material 
and the compression and temperature in the 
Shock front initiating the reaction. If it is 
imagined that the wave is traveling from 
left to right (Figure 6.1) through the ex- 
plosive and one transfers to a co-ordinate 
system moving with the shock front, the un- 
exploded material appears to be moving 
from right to left through the shock front 
with velocity D, and Jones pictured the 
products of detonation issuing from the re- 
action zone like material from a nozzle 
with velocity D — W = C. He assumed that 
at points near the axis the shock front may 
be regarded as plane, and since the detona- 
tion process is a steady one, the velocity of 
detonation is entirely determined by the 
dynamic conditions within а small stream 
tube coaxial with the charge. 

Jones considered that, to & good approxi- 
mation, the hydrodynamic equations ex- 
pressing conservation of momentum and 
energy through the detonation wave are un- 
changed by the effect of lateral expansion, 
and that the equation of continuity (con- 
servation of mass) may be written 


r!(D — W)/v = D/v (6.1) 


where r is the relative expansion of the cen- 
tral stream tube along the reaction zone. 

There were two steps to Jones's solution. 
He first solved the perturbed hydrodynamic 
equations for D, using & constant covolume 
equation of state. Then, using an expression 
for the ideal detonation velocity D*, he 
obtained the equation 


(D*/D)? = 1 + 2.25 (ri — 1) (6.2) 
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The next step was to obtain 7, , the relative 
expansion of the central stream tube at the 
end of the reaction zone. This is an exceed- 
ingly difficult problem in hydrodynamics. 
Jones, however, obtained an approximate 
solution in the following manner. He as- 
sumed that for unconfined charges the gases 
from the outer layers of the explosive follow 
the flow lines given by Meyer’s solution for 
flow around a corner, while gases from the 
inner part of the explosive expand at con- 
stant pressure in a cross section. Consider a 
tube generated by rotation of the Meyer 
streamline AB about the axis. Jones’s solu- 
tion consisted of finding the Meyer stream- 
line which generated the tube of flow most 
nearly characteristic of the actual tube of 
flow. This he did by selecting the Meyer 
streamline, the pressures of which, calculated 
along the streamline by the Meyer formula, 
most nearly agreed over a distance of one 
charge diameter along the axis with the 
pressures calculated for the interior of the 
tube generated by the streamline. The 
pressures at the interior of the tube were 
calculated from Bernoulli’s equation. It was 
found that the proper streamline began 46 
per cent of the distance from the surface 
of the charge toward the axis. Jones was 
then able to obtain an approximate value for 


| Front 
Undetonated 
Explosive 
Chorocteristic 
“еы 


Figure 6.1. Jones nozzle іп detonation. 
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rı as а function of reaction-zone length. His 
final result is given by the equations 


(D*/D)* = 1 + (9/4) {e*(a./y) — 1} 
e(a./y) = (37/20){1 — a./y cot 6} 
a./y = (34/37) (sin 0/(1 + cos \/29)} 


where a, is the reaction-zone length and y 
the charge radius. 


(6.3) 


Curved-Front Theory 


The curved-front theory (Chapter 4, 
Reference 21) also used the basic assump- 
tion that only the equation of continuity is 
perturbed by the lateral expansion. However, 
the mathematical details and conceptions 
involved were entirely different. Eyring et al. 
reasoned that, at the edge of the charge, a 
rarefaction wave would be sent into the reac- 
tion zone, and since the local velocity of 
sound in the region is greater than the det- 
onation velocity, the rarefaction wave 
should overtake the detonation wave and 
slow down the velocity of the edge of the 
wave front, thus giving rise to a curved 
front. Accordingly the detonation velocity 
is less than the ideal value because of the 
curvature of the wave. This process wag 
considered to continue until the angle of 
intersection of the wave front with the edge 
of the charge is small enough so that the 
rarefaction wave is no longer reflected. 

It was assumed that, to a first approxima- 
tion, any small portion of the wave front 
may be considered spherical with a local 
radius of curvature r,. It was further as- 
sumed that the hydrodynamic equations 
appropriate to these conditions, with the 
exception of the equation of continuity, are, 
to a good approximation, the same as for a 
plane wave. The equation of continuity 


(D — W)dv/dr = 20W/r — vdW/dr (6.4) 


is thus the equation for a spherical detona- 
tion wave where D is the velocity normal to 
the wave. Since a steady-state solution is 
desired, i.e., the detonation wave is to pro- 
ceed without change in shape, the further 
condition must be imposed that 


D = D, сова (6.5) 
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where D, is the propagation velocity of the 
wave itself in the direction parallel to the 
axis, and a is the angle between the axis of 
the charge and the normal to the wave at 
any point. 

The normal detonation velocity D is then 
calculated from the perturbed hydrodynamic 
equations. With an expression for the ideal 
detonation velocity D*, it is then possible to 
relate the ratio D*/D to the reaction-zone 
length and the charge radius. The latest 
formulation” employed the a(v) equation 
of state or Equation (4.18) with с = 0. The 
results of this formulation were 

у/а, = (M + N)K. – N (6.6) 
where 
К, = [2/5(1 — 8&)/3) tan~! 


[(1 + 8)/(1 — 9) — х/28 


8 = D/D*; M = (1+ LZ)"; 
№ = 2((L’ + 1) - Ly 
І = б„/п®Ёе +1; L= v/m – 1; 
M=0.7M’ and N=07N'. 


Integration of Equation (6.4) gives 
D- W/o = Dist |" War 
Defining D — W = U and 
oc 1+ Gu/D) | илов, 


the equation of continuity is U/D = 9/9. 
In the approximation v/v, = 0.75, there- 
fore, 9 = 1 — 0.5а,/т,, and Eyring et al. 
thus obtained the approximate result 


D/D* = 1 — a,/d 


The value of a, may thus be obtained in this 
approximation by plotting D against d !. 
However, it turns out that this is not, in 
general, a straight line. Moreover, Equations 
(6.6) show that it should not be & straight 
line. 

The curved-front theory permits the 
derivation of parametric equations defining 
the shape of the wave front through the 
Equations (6.5) and (6.6). Hence, the 
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curved-front theory is subject to evaluation 
not only by observed D(L,d) data but also 
by observed wave shapes. Typical wave 
shapes computed by the theory are given in 
Figures 15 and 16 in Reference 3. They show, 
in general, waves which increase sharply in 
curvature, or decrease in radius of curvature, 
from the central axis to the periphery of the 
charge. 

Wood and Kirkwood' also gave a treat- 
ment of the influence of reaction rate on 
wave shape. It was based on the spike 
theory and a limiting steady-state, plane 
detonation-wave solution for a, — 0. The 
fact that steady-state, plane detonation 
waves do not actually exist, as shown by the 
wave-shape results in Chapter 5, would ap- 
pear to render this as well as the curved- 
front treatment inapplicable in detonation. 
Furthermore, the theoretical wave shapes of 
the Wood and Kirkwood theory, like those of 
the curved-front theory, seem to bear no 
direct resemblance to the observed wave 
fronts. 


Geometrical Model 


The geometrical model is based on the 
detonation head having flat р(х) and W(x) 
contours, as in the Langweiler model. In 
this model the velocity D is determined by 
energy released ahead of a critical region a 
distance h behind the wave front and lying 
along the axis of the charge in cylindrical 
charges. This critical region will, in general, 
lie either at the end (ideal detonation) or 
within the actual reaction zone (nonideal 
detonation) and move closer to the shock 
front the poorer the confinement owing to 
the influence of confinement on the initial 
velocity of the release waves. Briefly, the in- 
fluence of the reaction-zone length a, in this 
model is simply the following: The effective 
C-J point on the charge axis of а cylindrical 
charge always coincides with the beginning 
of the sharp rarefaction region described by 
the heavy line in Figure 5.2. If a, is less 
than or equal to the distance from the wave 
front to this point on the charge axis, det- 
onation will be ideal. But if it is greater 
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than this distance h, detonation will be non- 
ideal. Thus when h < a, , only that fraction 
N of the reaction completed at the point À 
behind the wave front will contribute energy 
to support wave propagation. The effective 
reaction-zone length a, is thus a, = h, and, 
На. > h, D < D*. Hence in this model, 
nonideal detonation is restricted to effective 
reaction-zone lengths of a, = 3/8 (Dt) for 
L < Lm and toa, = ha = d' for L > La, 
where h,, is the maximum height of the fully 
developed detonation head corresponding to 
the height of the steady-state detonation- 
head (spherical) cone in unconfined charges. 
The velocity-determining streamline is al- 
ways the axial one, since the wave will 
travel at the speed determined by the maxi- 
mum values of p: and Ў; on the C-J plane. 

The geometrical model may be made quan- 
titative to give D(L,d) only when the exact 
reaction-rate law for explosive decomposi- 
tion is known. Eyring et al. (Chapter 4, 
Reference 21) formulated the familiar sur- 
face-burning model for solid explosives, the 
adoption of which in the geometrical model 
has been found to give results in substantial 
agreement with experimental observations 
of all types of nonideal explosives except 
fuel-sénsitized AN explosives discussed 
later. 

Roth” recently reviewed the geometrical 
model and pointed out that it is essentially 
the theory he and Wöhler developed as 
early as 1928. Evidently Roth and Wöhler 
also made use of the Eyring surface-erosion 
concept in their 1928 description of reaction 
rates in detonation. Roth mentioned that 
essentially this theory was described in 
Chapter 8 of his thesis," and that it was 
mentioned in a paper by Wóhler and Roth." 
Roth stated that they lacked the necessary 
proof at that time to justify exploitation of 
their theory, but that at present the evidence 
seems to support it quite well. He referred 
to the surface erosion in powder burning аз 
“Das Piobertsche Gesetz von 1839,” citing 
as & reference Volume II, page 120, of 
“Lehrbuch der Ballistik” by С. Cranz 
(1926). It thus appears that the author must 
share the credit for the geometrical model 
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with Roth and Wóhler. Moreover, Roth and 
Wohler evidently should also share with 
Eyring et al. the credit for the surface-ero- 
sion model as applied to detonation. It is 
thus unfortunate that the work of Roth and 
Wöhler was not made generally available in 
1928. 

All solid explosives, whether loose or 
east, are composed of grains which may vary 
in size from а few microns to single crystals 
of much larger size. The Eyring surface- 
burning model assumes that these grains 
are exposed to the high temperatures of 
detonation for such а short period of time 
that no appreciable heat conduction takes 
place into the grains. However, the surface 
is assumed to be in thermal equilibrium 
with the gas phase surrounding the grains. 
Hence reaction is confined to the surface of 
the grain and proceeds layer by layer radially 
inward until the grain is entirely consumed. 

Consider a surface reaction proceeding 
radially inward on a spherical grain of radius 
r. The number of molecules reacting per 
second is given by the product of the specific 
rate constant k, for one molecule and the 
number of molecules on the surface. 


dn/dt = k,Avr!/s (6.7) 


8 is the effective cross-sectional area of & 
molecule and 


Е, = kTe-5riRT/h (6.8) 


where k is Boltzman’s constant, h is Planck’s 
constant, В is the gas constant, and AF* is 
the free energy of activation. The number 
of molecules reacting per second is also the 
negative of the time rate of change of the 
number of molecules in the sphere. 


dn/dt = —d/dt(Axr*/3v) = — (4xr*/v) (dr/dt) (6.9) 


Combining Equations (6.7) and (6.9), it 
follows that 


dr/dt = —k,v/s (6.10) 


Thus for isothermal reactions the grain 
radius decreases at a constant rate. The 
ratio À = v/s is approximately the diameter 
of the molecule and the time required for 
complete reaction of the grain is thus т = 
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r,/k,A. In terms of the extent of reaction 
N = 1 — (r/r,)*, Equation (6.10) becomes 


ам /dt = (ЗК,А/т,)(1 — №) (6.11) 


which is two-thirds order. If the reaction is 
isothermal, k, is constant, and if in addition 
the sphere is considered to be initiated 
homogeneously over its surface, Equation 
(6.11) may be integrated to give 


N =1- (1- t/r? (6.12) 


Equation (6.5) is the Eyring isothermal 
grain-erosion formula. It is directly appli- 
cable for use in the geometrical model. 

Let us assume the validity of the a(v) 
equation of state. Then, to а good approxi- 
mation, a(N) = а*; B(N) = В*, and one 
obtains from Equation (4.9) the result 


D/D* = (nTi/n*T3)? (6.13) 


We consider first the case of & pure explosive 
compound. If one neglects heat conduction 
into the grain, one finds that C,(N) = NO? , 
Q(N) = NQ* and n(N) = n*N. Hence 
T(N) = T? where the asterisk refers to 
the quantities at the C-J plane of an ideal 


detonation wave. Hence 
D/D* = №1 (6.14) 


Now the time ¢ that the grain is burning in- 


side the detonation head is given by 
{ = 4h/3D (6.15) 


assuming that the particle velocity is W = 
D/4. Hence from Equations (6.12), (6.14), 
and (6.15), one obtains 


D(L,d)/D* = {1 — [1 — 4h(L,d)/3Dz]*}"/* (6.16) 
where, according to the detonation-head 


model outlined in Chapter 5, 
ма) = ue MAC e al (6.17) 


for nonideal explosives (tmax < т), and 


_[(L35dd; (1/3544 < a, 
M) — łDr; — (6:18) 


for ideal explosives (tmax > т), т being given 
by 
т = #,/К,\ (6.19) 


and 7, is the grain radius. 
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Consider next the case of a binary mix- 
ture in which the weight fraction of compo- 
nent a is z, and that of component b is хь. 
Equation (6.13) then becomes 

D(L,d)/D* = (z,N, + zN,)(T/T*)!* (6.20) 
where 

(nifi + nffi)/n* = Ta + ль = 1 (6.21) 
and f, is the effective mol fraction of gases 
due to component a and 1 — f, = f, is that 
due to component b. In the special case that 
T is independent of the fraction of explosive 
reacted, 


D(L,d)/D* - [2.№. + хьМь] 


where Na , №ь (or N;) is given by the equa- 
tion 


(6.22) 


1-(01-4/%) ten 
N; = u ; t > Ti (6.23) 
This case may be further simplified in the 
case in which, for one of the components 


(say component a), 1Dr, « d’. Then 
D(L,d)/D* = (z, + z, Ny)! 


This special case in which ra «€ ть is a very 
useful one for studying the rates of reaction 
of substances that are not explosive per se 
(e.g., metal nitrates, metals, coarse fuels). 

In the more general case T(N) >= T*, one 
must integrate Equation (6.11) by graphical 
methods. In this case it is not, in general, 
difficult to select conditions in any binary 
mixture such that the equation 


D(L,d)/D* = (Za + x4N,)"(T/T*)* (6.24) 


applies by selecting particles sizes such that 
Ta « ry and Na = 1 throughout. Then T = 
T(N,); and moreover, the approximation 


T(N») = Te + (Т* — Т.)№ 


proves to be sufficiently accurate. While 
more general cases are sometimes of interest 
and can be handled by slightly more com- 
plicated equations and effort, most of the 
important factors in the kinetics of reaction 
of solid explosives may be studied in single- 
component and simple two-component sys- 
tems for which Equation (6.23) or Equation 
(6.24) applies, which, in the single-compo- 
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nent explosive, reduces to the simple Equa- 
tions (6.14) to (6.19). 

Figure 6.2 illustrates diagrammatically the 
relationships between the  reaction-zone 
length a, and D(L,d) for various conditions 
as follows: 

(1) На. < d', then D/D* = 1, and one 
should observe no appreciable velocity 
transient. The explosive is then always ideal. 

(2) If, as an example, a, = 0.74’, one 
should observe a velocity transient over the 
charge length 0 < L < 0.7Г = 2.5d', but 
at the end of this transient D = D* and the 
explosive is ideal. 

(3) For a. > d’, one should observe a 
velocity transient during the entire develop- 
ment of the detonation head, i.e., for 0 < 
L < Lm = 3.5d', and at the end of this 
transient D < D*, and detonation remains 
nonideal even in the steady-state regime 
(Г > Ды). 

(4) The velocity transient in nonideal 
detonation should increase in length in pro- 
portion to d’, but in ideal detonation this 
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velocity transient should have a fixed length 
of about 3.5 a, . 


Correlations with Experimental D(d) 
Curves 


The observed velocity-diameter D(d) 
curves given in Chapter 3 and others have 
been analyzed in the author’s laboratory by 
the nozzle, curved-front, and geometrical 
models. In single-component explosives 
excellent fit of the experimental curves was 
afforded by the geometrical model, and 
usually by the nozzle theory. The curved- 
front theory, however, gave, in general, un- 
satisfactory fit of the experimental curves. 
Typical of the situation are the results shown 
in Figure 6.3 for solid 2,4 DNT using the 
experimental D(d) data of Cook and Par- 
tridge" and in Figure 6.4a for TNT using the 
data of Cybulski, Payman, and Woodhead.’ 
The experimental curves in Figure 6.4b also 
agreed with the geometrical model within 
experimental error, but not with the nozzle or 
curved-front theories. 
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Figure 6.2. Influence of reaction-zone length on transient and steady-state velocities. 
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In Table 6.1 are presented reaction-rate 
(Ake) data determined for TNT, DNT, 
EDNA, PETN, RDX, tetryl, and AN* by 
the application of the above three theories 
in obtaining the best fit possible of the ex- 
perimental velocity-diameter curves ob- 
tained in the author's laboratory" * * (Chap- 
ter 3, Reference 3). In each of these theories 
one requires the use of one adjustable param- 
eter (a, ог 7) which one evaluates from a 
point on the experimental curves or by ad- 
justing the parameter to obtain the best 
over-all fit of the experimental D(d) curve. 
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Figure 6.44. 
Figure 6.4. Theoretical versus experimental 
D (d) curves for TNT. (a) cast; (b) loose, coarse. 





130 


TABLE 6.1. ReacTION-RaTE CONSTANT АК, OF 
Various Pure  ExPLosivE COMPOUNDS 
DETERMINED BY NozzLE, CURVED-FRONT, 
AND GEOMETRICAL THEORIES 


Q4) 
(sec/cm) 
Explosive — 
ко) Моше | Garved | Geometrical 
TNT 0.8-1.05| 2.6-107* | 1.0-1075 |2.6-107* 
DNT 0.95 1|2.3-10-: |1.3-107? |3.7-1071 
EDNA 1.0 3-10^* 1.5-10-§ | 2.5-10-¢ 
Tetryl 0.95 |3-10-5 1.7-10-4 
PETN 0.95 |9-10-* |3.0-10-*|8.0-10-§ 
RDX 1.20 10-5 4-10-§ 1.0-107* 
AN 1.0 0.05 0.03 1.2 


The most striking generalization seen in 
the data of Table 6.1 is that the results of 
three theories are related approximately in 
the ratio 0.1 (nozzle), 0.04 (curved front), 
and 1.0 (geometrical). It would therefore be 
necessary only to introduce the factor c — 
0.1 in Equation (6.15) to bring the results of 
the geometrical model into essential agree- 
ment with the nozzle theory, or the value 
с = 0.04 to make it agree approximately 
with results of the curved-front theory, as 
far as the approximate absolute values of the 
reaction-rate constants are concerned. The 
use of the empirical constant c having а 
value between 1.0 and say 0.04 allows, there- 
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fore, a partial generalization of the geo- 
metrical model, since it seems obvious that 
the appearance of the effective C-J plane at 
a particular relative distance behind the 
shock front should have essentially the same 
effect on D/D* for all explosives. However, 
below is presented evidence that this ar- 
bitrary constant should, in fact, be about 
unity. 

The geometrical model has been found to 
have a very marked advantage for multi- 
component mixtures over the nozzle and 
curved-front theories which take no account 
of the influence on the D(d) curve of the 
rates of reaction of the separate components 
in such explosives. The actual shapes of the 
experimental D(d) curves, for example, for 
binary mixtures where т. > ть or vice versa, 
as shown in Figures 3.4 and 3.5, are distinc- 
tively different than for pure explosive 
compounds and show definitely the influence 
of the different reaction rates of the separate 
components. Figure 6.5 shows comparisons of 
the theoretical curves with the experimental 
ones for 65/35 cast baratol! The upper 
experimental curve was obtained with 
colloid-milled barium nitrate and the lower 
one with —65+100 mesh barium nitrate. 
The experimental D(d) data were obtained 
in the author’s laboratory. Figure 6.6 pre- 


О -65 +100 Mesh B.N. 
© Colloid Milled В.М. 
Geometrical Model 
—-— Nozzie Theory 
------- Curved Front Theory 
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Figure 6.5. Comparison of theoretical D(d) curves of nozzle, curved-front, and geometrical models 


with experimental results for 65/35 baratol. 
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sents similar comparisons for 50/50 cast 
amatol, loose 50/50 ТМТ-АМ mixtures, and 
70.7/29.3 Composition В-АМ, (Chapter 3, 
Reference 3) and Figure 6.7 those for 50/50 
cast sodatol and loose 50/50 TNT-SN mix- 
tures using only the geometrical model 
(Chapter 3, Reference 4). Figure 6.8 shows 
the theoretical and experimental velocity- 
diameter data for 70/30 lead nitrate-TNT‘ 
using —28+48 mesh lead nitrate. Except in 
some cases for the region of diameters near 
the critical diameter d. , it has always been 
possible to obtain а good fit of the experi- 
mental D(d) curves for mixtures by means of 
the geometrical model. Table 6.2 summarizes 
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results of reaction-rate determinations by 
means of this model, using data measured 
by the author and his associates. 


Temperature Coefficient of the Specific 
Rate Constant 
It has been shown! (Chapter 3, References 
3, 4) that the specific reaction-rate constants 
k,(T) of TNT, EDNA, and AN obey within 
surprisingly close limits the equation 
К, = А’Те-АН ier 


where the constants A’ and AH? were ob- 
tained in isothermal decomposition studies 
(Chapter 2, Reference 16) under conditions 


(6.25) 


50/50 TNT-AN (A210) 
-Ю+20 Mesh AN 


GEOMETRICAL MODEL 
----- CURVED FRONT THEORY 
—-— NOZZLE THEORY 

o EXPERIMENTAL 


40 50 


Figure 6.6. Theoretical versus experimental D(d) curves for 50/50 TNT-AN (cast and loose); cast 


70.7/29.3 Composition B-AN. 


Owed 





Figure 6.7. Theoretical versus experimental D(d) curves for 50/50 TNT-SN (upper curve for cast 


sodatol, lower one for loose 50/50 TNT-SN). 
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Geometricol Model 
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Figure 6.8. Theoretical versus observed D(d) curves for 70/30 lead nitrate-TNT. 


TABLE 6.2. Reaction RaTES oF VARIOUS 
INGREDIENTS AS DETERMINED BY THE 
GEOMETRICAL MODEL 





Ғ 
Diame “a 
мемен | mone | D Pete шр 
— | ж... ШИ ы ч=„ 
NH4NO; | 50/50 TNT- 00.9 | 1.3-25 |2.1.10- 
АМ 
МН.МО, | 50/50 TNT- |1.53| 3.8-17.8] 6.7.10— 
АМ 
NH4NO, | 70.7/29.3 1.50] 1.7-12.8|3.5-107* 
Comp. B- 
AN 
NH4NO, | Pure AN 1.04/12.8-46 |1.2 
NaNO; 50/50 TNT- |1.15| 1.9-25 | 2.1-10-% 
8N 
NaNO, 50/50 TNT- |1.83| 3.8-20 |6.8-10-* 
АМ 
Ba(NO3): | 65/35 baratol|2.35| 3.8-25 |5.2-10-* 
Pb(NOs;)3 | 70/30 lead |2.85| 3.8-12.7| 1.3-10-* 
nitrate- 
TNT 


where decomposition was uninfluenced by 
autocatalysis. Data showing this comparison 
as well as data for k, determined from the 
D(d) curves for other explosives are given in 
Table 0.3. 

This excellent correlation of the specific 
reaction-rate constant obtained by the 
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geometrical model and observed velocity 
data with the specific rate constant found in 
isothermal-decomposition studies through 
the Eyring absolute reaction-rate theory has 
very important connotations. 

(1) The isothermal rate constant comes, 
in general, from first-order decomposition 
reactions; but reaction in the geometrical 
model employing the Eyring surface-erosion 
model involves a two-thirds-order law. That 
the two specific rate constants should be 
related through Equation (0.25) is entirely 
consistent, however, with the Eyring sur- 
face-erosion model as it is applied in the 
geometrical model. It is only the molecules 
on the surface of the grains that are at a 
temperature high enough to undergo thermal 
decomposition in the detonation reaction. 
The reaction actually involves the first-order 
decomposition for these molecules. But in 
low-temperature decomposition all of the 
explosive is at the temperature of reaction. 
Hence the two reactions are really first-order; 
the detonation reaction is pseudo two-thirds- 
order, but intrinsically first-order. 

(2) Apparently the enthalpy of activation 
AH'(p (= AH’ + pAV!) is virtually 
pressure-independent and AV is effectively 
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TABLE 6.3. TuE Speciric ReacTion-Rate Constant k, (T) 


Substance Explosive (к/з) 
TNT! TNT 0.8 
EDNA? EDNA 1.0 
Tetryl? Tetryl 0.95 
PETN? PETN 0.95 
RDX? RDX 1.20 
ANeh-3, ref.3 AN 1.0 
ANeh.8, ret. 50/50 TNT-AN 0.9 

50/50 TNT-AN 1.53 
AN eh-3 ret. 70.7/29.3 Comp. B- | 1.59 
AN 
DNT* DNT 0.95 
BN eh.3,rot.4 50/50 TNT-SN 1.15 
SNeb a. ret 4 50/50 TNT-SN 1.83 
BN 65/35 baratol 2.35 
LN 70/30 lead nitrate- | 2.85 
TNT 


t These data represent upper limits owing to 


zero at least in TNT, AN, and EDNA. 
Actually if ДУ? = 0, the excellent general 
correlation afforded by the geometrical 
model utilizing the Eyring surface-erosion 
concept would be quite impossible. 

(3) If one can accept this evidence that 
the volume change of activation ДУ? = 0, 
then the data in Table 6.3 have an impor- 
tant bearing on the actual nature of the 
equation of state in detonation. In the form 
of Equation (4.18) it has been shown (Chap- 
ter 4, Reference 9) that for a a(v), or 
с = 0, 4Тз/4р would have a value of about 
500 to 1,000°K/g/cc. The reaction rates of 
TNT, AN, and SN may be seen to vary with 
density in about the manner requiring 
dTs/dp, = 500 to 1,000°K/g/cc. The HKWB 
equation of state requires dT3/dpi —500 
to —1,000°K/g/cc. This would cause k, to 
decrease with density unless AV? were ap- 
preciably negative to offset the temperature 
effect. This applies also to any equation of 
state where dT4/dp; is negative. The fact 
that k, increases with density at a rate cor- 
responding closely to the temperature in- 
crease with density predicted by the a(V) 
equation of state therefore provides very 


Google 


м 
С | веку | кайшы | fom | к 
— — 
3,000 | 3-10° 43.4 6.3-10!* | 3.2.1019 
5,070 | 3-108 39.8 8.0.1019 | 8.0.1019 
4,200 | 2.1015} | 34.95} | 1.0.107 | 1.2.108 
5,350 | 4.1013} | 38.61 1.5.10" | 5.0-10:‹ 
5,250 1.9.10 
1,720 | 4.10% 38.3 2.0.107 | 8.5.107 
3,300 1.6.101: | 3.5.101: 
3,510 5.8.101 | 5.0.1019 
4,150 1.1.10" | 1.5.109 
2,960 108 
3,750 10: 
4,350 10:9 


autocatalysis.°®-?. 1€ 


strong support of the validity of this equa- 
tion of state in detonation. 


Direct Measurements of Reaction Rate 
in Detonation 


If the total reaction times were actually 
about 10 times longer than predicted by the 
nozzle theory and about 25 times longer than 
the values predicted by the curved-front 
theory, as indicated by the geometrical 
model, it should be possible to demonstrate 
this by direct rate-of-pressure development 
or p-t measurements, at least for the most 
slowly reacting explosives such as the —4--6 
mesh TNT products. For this purpose a 
eannon method described by Cook and 
Keyes’ was designed. This method was not 
intended to be an exceedingly accurate one 
for the measurement of reaction rate, but 
rather a direct method to determine approxi- 
mately the total reaction times and thus 
determine the relative merits of the geo- 
metrical model on the one hand and the 
curved-front and nozzle theories on the 
other. The procedure consisted simply of 
finding the pressure-time curve for an ex- 
plosive by means of measurements of the 
acceleration of a slug propelled from the 
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cannon by the explosion during the period of 
chemical reaction. 

Consider a cannon with a cylindrical firing 
chamber 2 in. in diameter and 2 in. long 
about half filled with TNT (Figure 6.9). 

For the size charge used in the cannon 
method the detonation wave should require 
roughly 10 ,sec to traverse the charge. 
(According to direct probe measurements in 
the cannon, about 20 usec were required for 
the ionization wave to reach the base of the 
slug.) If the reaction-zone length were 
comparable to that predicted by the curved- 
front or the nozzle theory, by the time the 
detonation wave had traversed the explosive, 
that explosive in the region of the initiator 
would have completely reacted and that in 
the region opposite the initiator would have 
largely reacted. For such a fast reaction, by 
the time the shock wave reached the slug, 
however, the reaction would have reached 
completion. If, on the other hand, the reac- 
tion-zone length were large in comparison to 
the dimensions of the chamber, as it would be 
in coarse TNT, by the time the detonation 
wave had traversed the explosive only a 
small fraction of the explosive would have 
reacted, and no part of it would have reacted 
completely in any particular region of the 
cannon chamber. But the detonation wave 
would have effectively initiated the reaction, 
and the explosive decomposition would 
therefore take place under temperature and 
pressure conditions corresponding to uniform 
filling of the firing chamber. The total 
reaction time is inversely proportional to 
the rate constant, and, according to the 





Figure 6.9. Cross section through cannon. 
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Eyring absolute-reaction-rate theory, the 
ratio of the reaction time 7; of a given 
explosive under explosion conditions to the 
reaction time under detonation conditions тз 
should therefore be 


n/n = TaT east Ra m," TS (6.26) 


where Т; is the detonation temperature and 
T; is the temperature corresponding to the 
actual conditions in the chamber. Assuming 
the a(v) equation of state, the detonation 
temperature of TNT at a density of 1.0 
gm/cc was calculated to be 3600°К. For 
detonation of the same explosive in the 
cannon at an average loading density of 
about 0.39 gm/cc, the temperature T; was 
caleulated by the same equation of state to 
be 2500°К. Using Equation (6.26) and the 
value of AH! = 43.3 kg cal/mol given in 
Reference 2.16, one calculates r;/r: = 15. 
Thus if the total reaction time for —4+6 
mesh TNT computed by the geometrical 
model were correct, the total reaction time 
for this explosive measured in the cannon 
(neglecting the small portion of the reaction 
occurring during the detonation process 
proper) should be about 600 usec. Similar 
calculations for 50/50 AN-TNT mixtures 
using 10 mesh and 28 mesh AN gave т;›/т» 
values ranging from 5 to 19 and total reac- 
tion times т» from 90 to 370 usec. 

From simple kinetic-theory considerations 
one concludes that about 50 to 40 usec should 
be required for pressure equilibrium to be 
attained in the cannon firing chamber for the 
arrangement used, regardless of which 
theory of reaction-zone length is considered. 
Thus in the case of short reaction times pre- 
dicted by the nozzle theory and the curved- 
front theory, pressures measured in the can- 
non should rapidly increase with time and 
should reach à maximum pressure at about 
50 usec. The time of appearance of this 
peak pressure, moreover, should be quite 
insensitive to the particle size and the reac- 
tion rate of the explosive detonated, because 
the pressure-time curve would not be re- 
lated at all to the chemical reaction rate but 
rather to the attainment of pressure equi- 
librium in the chamber. 
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On the other hand, if the reaction time 
were truly much longer, as predicted by the 
geometrical model, and the explosive det- 
onated in the cannon were reacting rela- 
tively slowly, a pressure-time curve should 
be measured for which the peak pressure 
would appear considerably later than 50 
usec. In this case the pressure should also be 
strongly dependent upon the particle size of 
the explosive detonated in the cannon. The 
maximum pressure should then appear at the 
time at which the rate of pressure increase 
due to chemical reaction equals the rate of 
pressure decrease due to adiabatic expansion 
and gas leakage from the firing chamber. 
Moreover, an analysis of the section of the 
pressure-time curves for times greater than 
the time required for mechanical equilibrium 
to be attained should provide a means for 
determining reaction rates. 

Figure 6.10 shows the pressure-time curve 
obtained in the cannon method for fine- 
grained PETN. The curve for PETN may 
be considered as a calibration curve; in this 
case the chemical reaction should have been 
completed long before the gases were able to 
expand to fill uniformly the cannon chamber. 
In accord with expectations, the peak pres- 
sure occurred at near 50 usec. For any ex- 
plosive in which the total reaction time in 
the cannon (тз) is less than 50 usec, or in 
which тг is so small that complete reaction 
would occur in the transient detonation 
wave traversing the small 25- to 50-g charge 
in the cannon, the p-t curve should be essen- 
tially the same as that for PETN, with a 
relatively sharp peak at about 50 usec. 
Figure 6.11 shows the pressure-time curves 
obtained for coarse, mixtures of coarse and 
fine, and fine-grained TNT. The p-t curve for 
fine TNT resembled closely that for fine 
PETN, the only difference being that due to 
the larger charge size used (40 g for fine 
TNT compared with 25 g for fine PETN). 
However, for the mixtures consisting of 10 
g of fine and 30 g of coarse (—4+6 mesh in 
one case and —8+10 mesh TNT in the 
other) there was a definite, reproducible 
particle-size effect, and the maximum of the 
p-t curve occurred at times considerably 
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TIME (MICROSECONDS) 


Figure 6.10. Cannon pressure-time curve for 
fine PETN (25-g charge). 


longer than 50 usec. In the 100 per cent, 
—4+6 mesh TNT the pressure-time curve 
was distinctly different, however. The coarse 
explosive does not detonate with a cap, but, 
because of the heavy confinement afforded 
by the cannon, the cap ignited the TNT, and 
the curve obtained was simply the normal 
p-t curve for explosive deflagration rather 
than for the Eyring surface-erosion model 
applicable in and following detonatiom. Ta- 
ble 6.4 summarizes the results found in 
Reference 5 for the total reaction time 7, in 
the cannon found by detailed analysis of 
these p-t curves. The results confirmed with 
surprising accuracy those predicted by the 
geometrical model and the theory of the 
cannon. 

Keyes’ also studied by the cannon method 
the reaction rate of AN in 50/50 ТМТ-АМ 
and 50/50 amatol using AN of different 
particle sizes. Experimental pressure-time 
data for the explosive decomposition of loose, 
mechanical mixtures of 50/50 TNT-AN 
were obtained by the cannon method using 
screened AN of —20+28 standard mesh and 
—10+14 standard mesh size. The average 
particle diameter of the TNT in each of the 
mixtures was 0.25 mm. Pressure-time data 
were also obtained for a loose-grained ama- 
tol, using —20+28 mesh AN. In the 50/50 
grained amatol the AN particles remained 
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Figure 6.11. Cannon pressure-time curves for TNT. 


TABLE 6.4. PEAK TIME t; , PRESSURE р; , AND 
Tota, REACTION TIME т. FROM OBSERVED 
P-T CURVES IN CANNON METHOD 


—4+6 | —8+10 
Pet Meh | мав | „мо | Gin | д 

50 600 900 
10 | 30 160 | 4,040 | 510-540 
10 | 30 144 | 4,110 | 310-420 
15 25 160 | 9,080 | 500-600 
15 | 25 160 | 3,630 | 590-660 
20 20 130 | 4,180 | 430-550 
10 | 30 140 | 3,950 | 430-500 
10 30 | 120 | 3,850 | 390-450 
15 25 | 115 | 4,080 | 400-430 
30 65 | 3,150 
40 60 | 4,380 


coated with some of the TNT in the mixture. 
The average particle diameter of the loose 
TNT remaining in the mixture in this case 
was 0.35 mm. The p-t curves were dependent 
on particle size of the AN in these mixtures. 
The average maximum pressure measured 
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for the mixture using —20+28 mesh AN 
was about 4,200 atm, and it occurred at 
about 85 дивес. For the mixtures using 
—10+14 mesh AN the average maximum 
pressure was about 3,500 atm and occurred 
at about 105 usec. The pressure maximum for 
the grained mixture was found to be about 
3,500 atm occurring at about 95 usec, thus 
indicating, as expected, a longer total reac- 
tion time than for the pure mechanical mix- 
ture using the same particle-size AN (owing 
to the fact that no AN could react until the 
TNT coating had burned off). 

Theoretical pressure-time curves calcu- 
lated on the basis of the Eyring surface- 
erosion mechanism for various initial grain- 
burning velocities of the TNT and AN were 
found, upon proper choice of the initial 
grain-erosion velocities, to agree with the 
experimental data quite well when appro- 
priate gas-loss corrections were made. The 
reaction time of the —10+14 mesh AN was 
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calculated to be about 160 usec, and that 
for the —20+28 mesh AN about 100 usec. 
These values were much longer than one 
would expect on the basis of results obtained 
for AN by the application of either the 
nozzle theory or the curved-front theory to 
detonation velocity-diameter measurements 
for 50/50 amatol, but agreed within experi- 
mental error with the results of the geo- 
metrical model. It was also concluded that 
the Eyring two-thirds-order rate law was 
obeyed within experimental error in the 
cannon test, except, as in the case of coarse 
TNT (and 50/50 cast amatol), where ex- 
plosive deflagration rather than detonation 
occurred. 

The experimental p-t data, together with 
the theoretical curves computed by the de- 
tailed theory by Keyes, are shown in Figures 
6.12 and 6.13. The theoretical p-t curves for 
no gas leakage are also shown. It is clear 
from these results that AN reaction was 
still going on in the cannon for more than 
100 usec in all cases. 

The long reaction times of the geometrical 
model may be demonstrated in a very con- 
vincing manner by direct photography using 
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the microsecond framing camera. As men- 
tioned in Chapter 5, the blast contours for 
50/50 sodatol and 50/50 amatol show the 
velocity of expansion of the products of 
detonation to accelerate for several diame- 
ters behind the wave front in 2-in.-diameter 
charges. This may be explained by continued 
reaction behind the detonation head in the 
geometrical model, since only a small fraction 
of the SN and AN should react in the det- 
onation head in this model. That this is 
indeed true can be seen by observing the 
luminosity of the wave coming out the end 
of the charge. In the 23-frame sequence, 
from which the photographs of Figure 5.12 
were taken, the luminosity of the emerging 
wave was observed to increase uniformly for 
a length of time approximately equal to the 
value тг computed by the geometrical model, 
following which it decayed rapidly. 

In the next chapter the results of measure- 
ments of ionization and conductivity in the 
detonation wave are presented. It is there 
shown that the ionization zone in the det- 
onation wave corresponds quite accurately 
with the reaction zone as defined by the 
geometrical model. 
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Figure 6.12. Theoretical versus experimental p(t) curves for 50/50 loose AN-TNT using —10 + 14 


mesh AN. 


Google 


138 


PRESSURE (ATMOSPHERES) х 165 


THE SCIENCE OF HIGH EXPLOSIVES 


FILM NO. 62 
FILM NO. 63 
FILM NO. 64 
FILM NO. 65 


ЫШ» INITIAL GRAIN SURFACE EROSION VELOCITY FOR TNT 


ue 
8 


0 100 200 





INITIAL GRAIN SURFACE EROSION VELOCITY FOR AN 
e LEAKAGE CONSTANT 


300 


TIME (MICROSECONDS) 


Figure 6.13. Theoretical versus experimental p(t) curves for 50/50 grained amatol using —20 + 28 


mesh AN. 


Measured Reaction Zones in Dithekite 
13 and NM 


The author, D. H. Pack, and W. A. Gey 
have recently photographed in color the 
reaction zones in Dithekite 13 (63/24/13 
nitric acid-nitrobenzene-water) and nitro- 
methane (NM) by means of the microsecond 
framing camera. The reaction zones in these 
explosives were observed as they emerged 
from the surface of liquid charges where 
detonation had propagated more than 3d in 
length, using for the most part glass tubes of 
about 3 in. diameter. It was only possible 
from these results to measure the part of the 
reaction zone from the front to a point where 
the darkening of the zone owing to products 
of detonation could no longer be followed. 
There is some smear in the use of the framing 
camera, and measurements were thus made 
at several speeds in order to correct for 
smear. Taking a.(N’) as the length of the 
reaction zone to the plane where the fraction 
N' of the explosive has reacted, one may 
compute the true value of a,(N^) from the 
equation 


a.(N’) = a,(N’) — s'/à (6.27) 
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where a,(N’) is the apparent length of the 
zone, à is the mirror speed, and s' the smear 
constant. 

Figure 6.14a shows frames 3 to 7, in- 
elusive, of two simultaneous shots of NM 
in 7.5-cm French square bottles taken at a 
speed of 1.4 usec/frame. In the charge on 
the left there was propane in the bottle 
above the liquid, and argon in that on the 
right. Propane quenches the luminosity of 
the plasma apparently by & cracking mecha- 
nism, as indicated by the observed color. 
The plasma described in the next chapter 
first makes its appearance on frame 4 but 
does not seem to be completely formed until 
frame 7. This plasma is associated with the 
reaction zone in the NM, and thus one has 
an alternate means of estimating a, from 
the time required for the plasma to form 
completely. In this case it was a, = 
t(D — W) = 2 to 2.5 cm. That the reaction 
zone is of appreciable length is strikingly 
illustrated in frame 6, Figure 6.14a. Figure 
6.14b shows frames 17 to 21, inclusive, of 
another shot of NM in a 7.4-cm-square 
eross section cellophane tube (0.001 in. thick) 
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Figure 6.14a. Figure 6.146. 


Figure 6.14а. Reaction zone in NM as observed as the wave emerges into propane (left) and air 
(right)—7.5-cm French square bottles L > 3d. 
Figure 6.14b. Reaction zone in NM in 7.4-cm-square cellophane tube emerging into air. 
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taken at lusec/frame. Also shown in Figure 
6.14b is а simultaneous shot in а French 
square in which а failure occurred and in 
which the nonreactive shock is quite pro- 
nounced. For the square charge one may 
determine the partial reaction zone length 
а.(№’) by observing the pressure rise time 
and color in & single frame, e.g., frame 17 
ог 18. The measured reaction zone a.(N’), 
after correcting for smear by Equation (6.27) 
and using several shots at different mirror 
speeds, was 1.2 cm. However, the true reac- 
tion zone is still longer, apparently about 
2.0 to 2.5 cm. This is evident from the time 
required for complete formation of the 
plasma (frames 18 to 20). Similar measure- 
ments for Dithekite 13 gave for a.(N’) 0.6 
cm and an estimated 1.2 cm for a.(N’ = 1). 
These results for NM are in sharp contradic- 
tion to results reported by Cotter,“ who 
claimed a measured reaction-zone length for 
NM less than 0.2 mm. The discrepancy is 
easily explained; Cotter assumed the true 
reaction zone to be the region marked by the 
rise in luminosity to a maximum, but this is 
really only the very beginning of the pre- 
cursor reaction. This assumption was made 
without the benefit of the more recent mi- 
erosecond color photography which provides 
unambiguous definition of the real reaction 
zone. It is evident from these results also 
that the reaction zone in liquid explosives is 
of length comparable to that predicted by 
the geometrical model. For instance, in this 
model a, > d, — 0.6 cm. The critical diame- 
ter of NM is 2.2 cm at room temperature; 
hence a, should be greater than 1.6 cm, as 
observed. 


Transient and Anomalous Wave Prop- 
agation 

As shown by the data in Chapter 3, the 
transient detonation phenomena predicted 
by the geometrical model have been ob- 
served in the nonideal, low density, me- 
chanical mixtures of 80/20 AN-TNT and 
90/10 AN-RDX. Similar observations have 
been made in studies of commercial and 
other explosives. These are the type (4), 
(5), and (6) transients summarized at the 


Google 


THE SCIENCE OF HIGH EXPLOSIVES 


end of Chapter 3. The others listed there are 
transients associated with effects other than 
reaction rate. However, in addition. various 
other effects besides those predicted by the 
geometrical model employing the Eyring 
erosion model have been observed. The most 
important of these are the anomalous О(р1) 
curves illustrated in Figure 3.6, which are 
characteristic of nonideal, coarse, high-AN 
explosives sensitized with nonexplosive fuels 
or with small percentages of explosives such 
as TNT or even NG. These conditions are of 
considerable importance in commercial ex- 
plosives, as they are involved in nearly all 
commercial explosives with high percentages 
of AN and only small percentages of ex- 
plosive sensitizer or with nonexplosive, fuel 
sensitizers such as metals (aluminium), wax, 
liquid DNT, etc. In the nonideal explosives 
with relatively large percentages of high 
explosives other than AN, including both 
pure explosives and mixtures, the surface- 
burning (two-thirds-order) rate law was 
found to apply quite generally. These mix- 
tures were of a type in which the amount of 
heat generated by the reaction of at least 
one of the ingredients alone without mixing 
with those of any of the other components 
would raise the temperature in the products 
to or above the final equilibrium tempera- 
ture T;. In AN-fuel mixtures, on the other 
hand, the temperature attained by reaction 
of AN alone cannot exceed about 1720°К, 
whereas that for the complete mixture goes 
much higher. Hence mass transfer and 
possibly heat transfer are much more im- 
portant factors in these mixtures. 

The temperature in AN-TNT and simi- 
lar explosives is in the neighborhood of the 
final temperature over the whole reaction 
zone, irrespective of the fraction of explosive 
reacted. This is by no means true in fuel- 
sensitized AN mixtures. Two other possible 
limiting factors besides heat transfer in the 
condensed phases thus arise. The limiting 
factor determining rate in the AN-fuel 
mixtures thus might be either (1) mass 
transfer (or mixing) in the gas phase, or/and 
(2) heat transfer in the gas phase. In the 
previous examples these processes were 
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considered unimportant and the rate of 
reaction was supposedly limited by the 
upper limit of temperature and reaction 
rate in the solid (the Eyring process). How- 
ever, in AN-fuel mixtures the gaseous phase 
is apparently not in equilibrium, and factor 
(1), (2), or both thus limit the rate of 
reaction. The fact that the rate decreases 
rapidly with density above the density 
corresponding to the maximum of the 
D(p1) curve indicates that the limiting 
factor is mass transfer; diffusion falls rapidly 
with increasing density or pressure in the 
vapor phase, but thermal conductivity 
does not. This situation corresponds approxi- 
mately to that occurring in granular low 
explosives such as black powder, in which 
the burning rate decreases with increasing 
density. 

Single- and double-base propellants in 
which the solid phase is homogeneous 
apparently have thermal conductivity as 
the rate-determining factor. That is, the 
rate in these explosives is probably deter- 
mined by the temperature at the solid- 
vapor interface, but the initial process of 
decomposition is endothermic or much less 
exothermic than the over-all reaction. Most 
of the heat is thus generated a short distance 
away from the solid-vapor interface and 
must be transferred back by thermal 
conduction to support the reaction. The 
temperature gradient away from the surface 
(temperature being smallest at the solid 
surface) therefore increasee with pressure. 
The result is that the burning rate increases 
with pressure. While it has been shown that 
the Eyring surface-erosion model does not 
apply, the geometrical model does apply in 
the case of explosives with anomalous 
(ру) behavior, as may be shown, e.g., by 
the nature of the velocity transients found 
in this type. 

Commercial Application of Nonideal 
Detonation 


The regulation of explosive reaction-rate 
to control the effective pressure-time curve 
of the explosive for various types of blasting 
is well recognized. The p-t characteristics of 
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the explosive, moreover, determine its 
heaving action. In some types of blasting 
operations, for example, one desires a low 
rate-of-pressure development, but a sus- 
tained pressure, e.g., in coal mining, trap 
rock and monumental stone quarrying, etc. 
This is achieved in dynamites by the use of 
coarse AN, SN, and fuels, together with a 
minimum NG. In coal mining, permissibles 
of vastly different heaving action may be 
obtained with a single explosive composition 
but with ingredients of different particle 
size. Consider, for example, three dynamites 
A, B, and C, all three of which have the 
same composition, e.g., 80 per cent AN, 7 
per cent NG, and 13 per cent standard 
dopes. They differ, however, in AN particle 
size; A is composed of say 150 mesh AN, B 
of say 65 mesh AN, and C of say 20 mesh 
AN. A will be found to have a cannon p-t 
curve like that in Figure 6.10 or for the 
fine-grained TNT in Figure 6.11; ie, it 
develops a high peak (blasting) pressure 
which decays rapidly. B has an intermediate 
blasting action, and C develops a low but 
sustained pressure and a superior heaving 
action of even longer duration than for a 
p-t curve like that for 75/25 coarse-fine 
TNT. 

The application of the geometrical model 
to the observed velocity - diameter curves 
of explosives resembling very closely these 
explosives gave reaction times т, of 80 
usec for A, 190 usec for B, and 460 usec for 
С. (The тз values were about five times 
longer.) Now in blasting with these ex- 
plosives a normal burden begins to move 
appreciably only about 400 to 600 usec 
after detonation and does not acquire its 
maximum velocity until more than a 
millisecond later. Hence one requires reac- 
tion times greater than 400 to 600 psec 
before one will be able to observe the differ- 
ences in blasting action between these three 
explosives. Since great differences are actu- 
ally observed and well recognized in com- 
mercial blasting, it must be concluded that 
the reaction times of the explosive with the 
longest reaction time must be of the order 
of milliseconds, since differences are easily 
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seen even between A and В. This is in 
agreement with the geometrical model but 
not with the nozzle and curved-front theo- 
ries, since in the latter theories even C, 
which has one of the longest reaction times 
of any of the commercial dynamites, would 
have a reaction rs of less than 50 usec 
(curved-front theory) or less than 150 
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изес (nozzle theory). It seems clear, there- 
fore, that the reaction times of the geo- 
metrical model correctly apply to these 
and similar commercial explosives. More- 
over, it seems justifiable to conclude that 
the p-t curves measured in the cannon 
method provide a direct experimental meas- 
ure of the heaving action of such explosives. 
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CHAPTER 7 


IONIZATION, ELECTRICAL, MAGNETIC, AND ELECTROMAGNETIC 
PHENOMENA ACCOMPANYING DETONATION 


Ionization and Free Electrons in Flames 
and the Detonation Reaction Zone 


The existance of free electrons in combus- 
tion flames and gaseous detonations has been 
known for many years. For example, Bone 
et al.’ mentioned that Turpin, working in 
Dixon’s laboratory at Manchester, demon- 
strated electrical conductivity in the detona- 
tion of electrolytic gas in 1893. In a discus- 
sion on combustion in 1909, J. J. Thomson’ 
pointed out that combustion is concerned not 
only with ions but free electrons as well, and 
suggested that one might therefore influence 
the propagation of detonation waves by 
means of external magnetic and electrical 
fields. This suggestion was investigated in 
1914 by Dixon, Campbell, and Slater® in 
various gaseous explosive mixtures, including 
2CO + О», with negative results. However, 
in 1924 Malinovskii? and co-workers suc- 
ceeded in observing the effect predicted by 
Thomson in benzene-air mixtures and later? 
in methane-, ethylene-, and acetylene-air 
mixtures. In some cases they were able to 
quench detonation completely by an applied 
electrical field, and in one study they deter- 
mined the temperature coefficient of voltage 
required to quench detonation in 20 mol per 
cent C,H, and 80 per cent air to be positive. 
Malinovskii and Lavrov stated that negative 
charges actively propagate the detonation 
wave in the 25/75 mol per cent acetylene-air 
mixture. Jost: »*** 200 referring to F. Haber, 
A. Becker, H. A. Wilson, and K. Vogt, stated 
that “there does not seem to be any convinc- 
ing reason to assume an essential participa- 
tion of ions in the chemical reactions" (that 
produce flames). 

Bone, Frazer, and Wheeler! confirmed 
Malinovskii's results in the spinning detona- 
tion of the moist 2CO + О» mixture. They 
showed that when the detonation wave in 


this mixture traversed а longitudinal (or 
axial) magnetic field, the velocity was re- 
duced by an average of 40 m/sec in an 8-cm- 
long, 17-mm-diameter coil carrying current 
sufficient to produce & 35,000-gauss field and 
an average of 60 m/sec in a 58-cm-long, 19- 
mm-diameter one at а 22,000-gauss field. A 
transverse field, however, had no influence 
on the propagation of the detonation wave. 
In this regard it is important to realize that 
in spinning detonation the path of the par- 
ticle motion is around the tube with & small 
forward pitch rather than axial. Hence the 
important component of the electron motion 
would be perpendicular to the field if the field 
were axial rather than transverse. They 
showed, moreover, that in passing from posi- 
tive to negative in an electrical field of 500 
to 5,750 volts/cm, the pitch of the spinning 
detonation was slightly increased, and the 
velocity increased an average of 50 m/sec 
but never exceeded 100 m/sec. In passing 
through the field from negative to positive, 
however, Bone et al. succeeded in completely 
interrupting the spin and causing the wave 
speed to drop abruptly from 1,740 m/sec to 
sometimes below 900 m/sec with the wave 
usually (but not always) picking up again 
beyond the positive terminal of the electrical 
field. They found also that upon drying of 
the 2CO-O. mixture or upon addition of 
&bout 0.3 per cent hydrogen, the detonation 
wave was stabilized against interruption or 
retardation by transverse electrical fields up 
to 5,000 volts/cm. 

Bone et al. attributed their positive results 
to the critical or detonation threshold nature 
of 2CO + О» (moist) mixtures. Presumably 
the expected interactions of external fields 
always exist, but when the detonating gas 
system is not a threshold one, the influence 
of the applied fields is too small to influence 
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D measurably. Apparently, therefore, Mali- 
novskii’s observations of positive effects in 
methane- ethylene- and acetylene-air mix- 
tures are also to be attributed to observa- 
tions at the threshold of detonation. 

An important result bearing on the influ- 
ence of applied fields on gaseous systems det- 
onating at their threshold conditions is the 
observation that a flame in a uniform elec- 
trical field isalways bent toward the negative 
electrode.” An applied field would therefore 
tend to accelerate the particle motion W in 
the direction of the negative electrode and 
away from the positive electrode. At detona- 
tion-threshold conditions it is probably the 
particle velocity W which becomes critical; 
i.e., a slight change in W at the detonation 
threshold would have a marked influence on 
propagation. One may readily understand 
the tendency of threshold detonation flames 
to be accelerated in traversing the field from 
positive to negative and to be quenched in 
traversing the field from negative to positive 
if the negative particles in the flame are elec- 
trons and the positives are ions. Incidentally, 
the observation of an increase in D in a 
spinning detonation by as much as 100 m/sec 
does not imply an increase in W by a pro- 
portional amount; the observed slight in- 
crease in pitch of the spinning detonation 
could cause a considerable increase in D with 
a much smaller increase in W. 

The momentum acquired by an electron 
from an applied field would be small com- 
pared with that of an ion accelerated over the 
same mean free path owing to the small 
m/M ratio. Hence the electrons in the gas 
cloud will accelerate the gas cloud in their 
direction of drift much less than the positive 
ions drifting in the opposite direction, under 
the applied field. Therefore the direction of 
the mass motion of the flame in an applied 
electric field is that determined by the pos- 
tive ions, namely toward the negative and 
away from the positive electrode. The ob- 
servations of Bone et al! and Lewis’ thus 
serve indirectly to demonstrate the existence 
of electrons as well as positive ions in 
condensed and gaseous detonation flames. 

The existence of charged particles in the 
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detonation waves of solid explosives has also 
been known for some time. High electrical 
conductivity in the detonation front is, e.g., 
the basis for the pin-oscillograph method for 
detonation-velocity measurements. Further- 
more, microwave Doppler techniques, dis- 
cussed in Chapter 2, have proved useful in 
detonation chronometry because strong re- 
flections from the detonation front occur in 
most explosives. Since the reflectance of 
centimeter waves is dependent upon the 
density of easily polarized or free electrons 
encountered by the beam, the electron den- 
sity is apparently high within the detonation 
wave. However, it was not until 1956 that 
measurements of electron densities in the 
detonation waves of solids were carried out 
by Cook, Keyes, and Lee.‘ They found free- 
electron densities in excess «^ 10" /cc in the 
detonation reaction zone dropping sharply 
outside the reaction zone. Their work is dis- 
cussed in detail in the following section. 


Measurements of Electron Densities in 
the Detonation Reaction Zone of 
Solid Explosives 


Cook, Keyes, and Lee determined conduc- 
tivities in the detonation waves of a number 
of granular and cast explosives by means of a 
probe technique using the experimental ar- 
rangements shown diagrammatically in 
Figures 7.1 and 7.2. 

When the ionized region within a detonat- 
ing charge came in contact with the double 


OOUBLE 
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Figure 7.1. Diagram of probe method for elec- 
trical conductivity in detonation waves. 





Figure 7.2. Typical charge-probe assembly (not 
to scale). 
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probe, conduction occurred between the 
probes, allowing current to flow through т; . 
А 28-volt battery paralleled with a 2,000-uf 
capacitor formed an essentially zero-re- 
sistance power source of constant electromo- 
tive force during the short conduction period. 
The voltage variations across r, , and conse- 
quently the current in the circuit, were meas- 
ured with а Model 545 '"Tektronix"' oscillo- 
Scope, accurate timing being facilitated by 
superimposing microsecond markers on the 
trace. Triggering of the oscilloscope trace 
was accomplished by the discharge of a pulse 
unit via the conducting gases at the detona- 
tion wave front making contact with a trig- 
ger lead and a ground wire fastened to the 
charge at the appropriate position. Knowl- 
edge of the current flow through т, and the 
electromotive force of the power source then 
permitted calculations of the variations in 
electrical conduction between the probes 
while they were immersed in the ionized re- 
gion. In practice rı was chosen to equal ap- 
proximately the resistance between the 
probes. Charges were fired by Е.В. caps at а 
minimum voltage (1.5 volts) to minimize 
electrical transients. 

In one series of measurements quantitative 
results were obtained with 1.6-mm steel wires 
mounted 2.4 mm apart and inserted a fixed 
distance into the charge. The probe positions 
were varied with respect to the charge axis 
to permit mapping of the ionized region as to 
both intensity and duration or length. It was 
necessary to take into account (by suitable 
calibration described in Reference 4) conduc- 
tion geometry, because it was found impos- 
sible with available insulating materials to 
insulate the probes to prevent conduction 
over all but the desired portion of the probe. 

The influence of the geometrical factors in 
the probe system without insulation is il- 
lustrated in Figures 7.3a and 7.3b for the 
case of loose-packed tetryl. Conduction-time 
oscillograph traces were obtained for low- 
density, granular PETN, RDX, TNT, tetryl 
EDNA, 80/20 TNT-AN, cast TNT, and 
Composition B. Measurements were made 
first in charges of more than maximum 
effective length (L, = 3.5) by using in all 
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Figure 7.3a. Conductance-time trace for tetryl. 


i 
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Figure 7.3b. Plot of corrected conductance-dis- 
tance trace for tetryl, taking into account probe 
geometry (by calibration) and detonation veloc- 
ity. 


cases L/d = 6, using probes both on the 
charge axis and at various distances off the 
axis for the purpose of three-dimensional 
mapping of the ionization region. Results 
are presented in Table 7.1. The conduction 
times and ionization-zone lengths given in 
Table 7.1 are values taking into account the 
geometry of the pins. That is, they are the 
values which would be measured by an ob- 
server looking at а fixed point within the 
charge as the ion cloud moved past it. With 
the parallel-wire type of probe the oscillo- 
scope traces initially exhibited а very fast, 
although finite, rise as the detonation front 
first impacted the tip of the probes. This 
rapid rise generally lasted a fraction of a 
microsecond and was followed by a slower 
rise which was attributed to increased con- 
duction due to a greater length of ionization, 
with ion density decreasing rearward, sur- 
rounding the probes as the wave propagated 
forward. At a later time the traces leveled off, 
showing that the current through т; was con- 
stant and, therefore, indicating that the 
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TABLE 7.1. RESULTS or IoNizATIoN MEASUREMENTS IN 5.1-cM-DIAMETER CYLINDRICAL CHARGES AT 
30 см FROM PoiNT OF INITIATION (STEADY-STATE DETONATION HEADS) 


Probe location 


Average effective Average conduc- 


Average grain (distance from conduction time tion-zone length Resistivity p 
Explosive diameter Ca charge axis in cm) (cm) (ohm-cm) 
PETN 0.036 0.0 3.9 2.0 1.13 
(pı = 0.91 g/cc) 0.036 0.63 3.7 1.9 
0.036 1.27 
0.036 1.91 1.8 0.9 
0.036 2.54 1.0 0.5 
RDX 0.05 0.0 3.4 2.1 1.26 
(р1 = 1.0) 0.05 0.63 2.9 1.8 
0.05 1.27 3.0 1.8 
0.05 1.91 2.2 1.3 
0.05 2.54 0.8 0.5 
Tetryl 0.07 0.0 4.5 2.3 1.10 
(pı = 1.0) 0.07 0.63 4.8 2.4 
0.07 1.27 2.8 1.4 
0.07 1.91 1.5 0.8 
0.07 2.54 1.2 0.6 
EDNA 0.036 0.0 4.9 2.8 2.40 
(pı = 0.98) 0.036 0.63 5.0 2.9 
0.036 1.27 3.6 2.1 
0.036 1.91 2.6 1.5 
0.036 2.54 1.25 0.7 
Fine TNT 0.042 0.0 6.2 2.9 2.03 
(ри = 0.9) 0.042 0.63 5.6 2.6 
0.042 1.27 5.8 2.7 
0.042 1.91 2.7 1.3 
0.042 2.54 2.6 1.2 
Coarse TNT 0.28 0.0 8.0 4.1 2.73 
(pı = 1.03) 0.28 0.63 7.7 3.9 
0.28 1.27 7.0 3.5 
0.28 1.91 6.8 3.5 
0.28 2.54 5.5 2.75 
80/20 AN-TNT 0.041 0.0 8.3 2.7 28.5 
(AN particle size listed) 0.041 0.63 8.3 2.7 
(pı = 1.0) 0.041 1.27 6.3 2.1 
0.041 1.91 5.3 1.7 
Cast TNT ? 0.0 3.0 2.1 2.93 
(pı = 1.57) 
Composition B ? 0.0 2.5 1.9 2.56 
(pı = 1.69) 


NOTE: The conduction times, conduction-zone lengths, and resistivities listed are values averaged 
from several shots. The resistivities are average integrated values for the first centimeter of the ionized 
sone. The probes were placed parallel to the charge at various distances from the charge axis given in 


Column 4. 


entire length of the ionization zone covered 
the probe. Moreover, a careful study of the 
geometrical factors of the pins showed clearly 
that recombination times were short relative 
to the duration of the ionization trace. If 
this had not been the case, additional genera- 
tion of ions would have increased the inten- 
sity of the position corresponding to the 
observed flat, as found, e.g., in ionization 
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traces in inert materials which are discussed 
later. 

Table 7.1 shows the following important 
facts concerning ionization in the detonation 
wave: 

(1) The resistivities (1.1 ohm-cm for 
tetryl to 28.5 ohm-em for 80/20 AN-TNT) 
were in the range of good semiconductors. 

(2) The length of the ionization zone de- 
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creased progressively from the charge axis 
to the periphery of the charge. 

(3) Not only did the duration of the ioni- 
zation zone vary from one explosive to 
another, but it also depended on the particle 
size of the explosive. This is shown clearly 
by comparing results for coarse and fine 
TNT. 

The influence of charge diameter and 
charge length on the ionization-time curve 
was studied in loose tetryl in charges ranging 
in diameter from 1.3 to 7.6 cm and in length 
from 5 to 33 cm. In these studies the probes 
were inserted into the charge from opposite 
sides perpendicular to the charge axis. The 
results, presented in Table 7.2, showed the 
following: 

(1) The length or duration of the ioniza- 
tion region increased with diameter at 
L/d = 6 up to about 5.0, but was the same 
at 4 = 7.6 ст asat d = 5 ст. 

(2) The axial length increased and the 
resistivity decreased with L only during the 
development of the steady-state detonation 
head, i.e., for L « 3. 

Mention is made finally of the important 
fact that the corrected conductance versus 
time traces (e.g., Figure 7.3b) of the ioniza- 
tion zone on the charge axis had the same 
shape as the theoretical reaction rate versus 
time curve in the Eyring surface-erosion 
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TABLE 7.2. INFLUENCE oF CHARGE LENGTH L AND 
DIAMETER d ON IoNIZATION ZONE IN 
Loose TETRYL 

Average effec- 


time at Minimum resis- 
charge axis tance across 

d(cm) L(cm) (usec) probes (ohms) 
1.3 7.8 1.7 
1.9 11.5 1.9 
2.5 15.2 2.4 
5.1 30.5 4.5 
7.6 45.7 4.5 
5.1 5.1 2.5 107 
5.1 7.6 3.4 25 
5.1 12.7 3.4 5 
5.1 22.9 4.5 6 
5.1 33.0 4.5 6 


model. It is thus of interest to compare the 
experimental ionization zones with the reac- 
tion zones of the nozzle, curved-front, and 
geometrical theories of reaction rates in 
detonation. Table 7.3 shows the results of 
this comparison, using reaction-rate data 
presented in Chapter 6. One will note that 
the geometrical model gave reaction-zone 
lengths in good agreement with the measured 
ionization-zone lengths for the ideal explo- 
sives of Table 7.3. Moreover, in the detona- 
tion-head model the temperature drops 
abruptly at the boundary of the detonation 
head. Hence if the ionization responsible for 
the conduction zone is to be correlated with 
the rate of reaction, one would expect this 


TABLE 7.3. COMPARISONS OF REACTION-ZONE LENGTHS OF CURRENT THEORIES WITH STEADY-STATE 
Ion1zEp-ZoNE LENGTHS DETERMINED WITH PROBES IN 5.1-cM-DIAMETER CHARGES 


Average axial 
conduction- 
Density Particle diameter Nozzle theory Curved-front Detonation zone 
Explosive (gm/cm) (cm) Go(cm) theory ао(ст) head ао(ст) (cm) 
PETNt 0.91 0.035 0.1 0.04 1.0 2.0 
RDXt 1.00 0.05 0.1 0.046 1.2 2.1 
Tetrylt 1.00 0.07 0.2 0.08 2.2 2.3 
EDNAt 0.98 0.035 0.3 0.2 2.5 2.8 
Fine TNTt 0.90 0.042 0.2 0.08 2.0 2.9 
Coarse TNT 1.03 0.28 1.5 0.61 14.5} 4.1 
80/20 AN-TNT 1.00 0.041 3.0 1.19 29.71 2.7 
(AN particle size 
listed) 

Cast ТМТЇ 1.57 2.5$ 2.1 
Cast Composition Bf 1.69 1.9 


t The particular explosive was ideal in 5.1-em diameter. Other explosives were nonideal in this di- 


ameter. 


1 Maximum effective reaction-zone length = 4.5 cm in а nonideal explosive in this model. 
$ From Reference 61, Figure 4, for creamed TNT. 
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zone to be limited (except for very small 
probably immeasurable ionization intensity) 
to regions within the detonation head. In 
other words, the reaction rate should drop 
abruptly enough at the boundaries of the 
detonation head in solids to give ion concen- 
trations outside this region of negligible 
magnitude, if ions and electrons in the det- 
onation of solid explosives are associated 
only with chemical reaction and have life- 
times of no more than about 10 * sec, as 
later discussion in this chapter indicates. 
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Figure 7.4 illustrates the excellent correla- 
tion between (1) the measured ionization 
zones, (2) the theoretical detonation head, 
and (3) the theoretical effective reaction 
zones of the explosives listed in Tables 7.1 
and 7.3. The semidetonation heads of eight 
of the explosives listed in Table 7.1 are 
drawn in Figure 7.4, taking into account the 
measured curvature of the wave front, only 
half of a cross section through the charge axis 
being shown. The theoretical effective (semi-) 
reaction zones of the geometrical model are 


a 
$ 
A $ ~ 
/ | 


b. ROX(p =1.0) 





f. TNT( =1.03) 
("6*8 Mesh) 





h. 80/20 AN- TNT 
(^10) 


Figure 7.4. Plots of ionization or conduction zones in charges of 4 = 5 cm and L = 33 cm determined 
by the probe method, and effective reaction zones according to geometrical Model. 


Google 


PHENOMENA ACCOMPANYING DETONATION 


the shaded regions inside the semidetonation 
heads. The circles and dotted curves give the 
ionization-zone lengths relative to the wave 
front, using data given in Table 7.1. In the 
ideal explosives the shape of the theoretical 
effective reaction zone was surprisingly like 
the measured shape of the ionization zone 
except at the extreme edge. In the edge- 
effect region, corresponding to about the 
outer 0.3 cm, there is apparently a small 
increase in the ionization-zone length over 
the theoretical effective reaction-zone length 
of the geometrical model. This may be due to 
the reacting explosive moving out in the air 
shock where the density is low and the tem- 
perature higher than in the explosion state; 
these conditions are favorable for plasma 
formation. 

The correlation of the theoretical reaction- 
zone length with the measured ionization 
zone was not as good in (nonideal) coarse 
TNT and 80/20 AN-TNT for regions off 
the charge axis. In the case of coarse TNT 
the diameter was near the critical one where 
the ratio Rm/d for the curvature of the wave 
front approaches 0.5. In Figure 7.4f the wave 
front is drawn for an R,,/d of 1.2. But if 
boostering were threshold in character, R,./d 
might be as low as 0.5. The shape of the 
detonation head for Rm/d = 0.5 is indicated 
by the dotted semidetonation head shown in 
Figure 7.4f. That this actually may be the 
proper one rather than the indicated semi- 
detonation head is suggested by framing- 
camera results for this explosive shown in 
Figures 5.12 and 5.13. In the case of 80/20 
AN-TNT, the TNT reaction is fast com- 
pared with the AN reaction. In fact, the re- 
action zone for the TNT should have been 
approximately the same in the 80/20 АМ- 
TNT mixture as in the corresponding loose 
TNT case (Figure 7.4e). On the other hand, 
the AN should require 30 usec to react com- 
pletely under detonation-head conditions. 
The initial intensity contributed by the AN 
reaction should thus have been only about 
0.05 times as great as that of pure TNT in 
the same charge diameter. Since the mixture 
contained only 20 per cent TNT, its resis- 
tivity should thushave been about five times 
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greater than that of pure TNT; actually, the 
average resistivity was 14 times greater, 
possibly because of the higher density and 
lower temperature. Apparently therefore, the 
ionization zone measured for 80/20 АМ-ТМТ 
was simply that of pure TNT. This seems 
justified also by the close agreement between 
the ionization zones measured for pure TNT 
(Figure 7.4e) and for the 80/20 АМ-ТМТ 
mixture (Figure 7.4h). Taking these factors 
into account, the correlation of the measured 
ionization zones with the reaction zones of 
the geometrical model was excellent, agree- 
ing in all cases, including the nonideal ex- 
plosives, within a factor of two except at the 
extreme edge. 

Finally, the conductivities shown in Table 
7.1 were of such magnitude that it seems 
obvious that the current is carried pre- 
dominantly by free electrons. Conductivity 
с is given by the equation 


с = z nied; (7.1) 
where п; is the concentration of charged 
particles of type т, е; the charge on the ion, 
and 0; the average drift velocity. 

Let us assume for the sake of discussion 
that ions are the carriers of the observed 
currents in the detonation wave. One must 
first realize from the observed shape of the 
conductance-time curve that the current- 
carrying species have a relatively short life- 
time. Otherwise, the current would increase 
in proportion to the total reaction versus 
time curve. Instead it attains its maximum 
value immediately at the wave front and 
decreases in proportion to reaction rate. This 
means that the average life of the current- 
carrying species is small compared with the 
total reaction time т. Ions (positive and 
negative without electrons) would probably 
recombine in a period of the order of 10`® 
to 10" sec or less under detonation-head 
condition owing to the very high collision 
rate (~10" sec '). If the average lifetime of 
an ion were 10 “ sec, the average ion density 
in the reaction zone could not exceed 10” 
ions/cc even if every molecule in the reaction 
zone were to begin itsexistenceasan ion. But 
one requires about 10" molecules or atomic 
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ions to account for the measured conduc- 
tivity owing to a mean free path of less than 
10 * cm. The average life of positive ions 
plus free electrons might, however, be as 
large as 10 ° sec owing to the Einstein prob- 
ability for excited and ionized states for 
electrons. 

The observed conductivities in detonation 
were of the order of 10 * times that of a good 
metallic conductor at comparable tempera- 
ture. If the mean free path is assumed to be 
the same (it is probably less) in the detona- 
tion reaction zone as in metals at the same 
temperature, one would therefore require 
about 10 * to 10 * times as many free elec- 
trons as in metals or 10" to 10'/cc, since 
good metallic conductors have about 10” 
effectively free electrons/cc. Actually, the 
mean free path is probably lower in the det- 
onation reaction zone than in a metal, thus 
requiring still more free electrons. On the 
other hand, the mechanism of electron con- 
duction may be different in a gas from that 
in a metal. Calculations of mean free path in 
Reference 4, based strictly on kinetic theory, 
gave (as a lower limit) electron densities of 
10''/сс. If one assumes an average life of 
10 * sec for free electrons, this would mean 
that there is about 1 electron formed per 100 
molecules of gas in the detonation wave, and 
if one assumes 10 sec as the average life- 
time of the electron there would be 1 elec- 
tron formed per molecule of gas formed. 
However, the mean free path Х computed in 
Reference 4 (namely around 107° cm) could 
be as much as 10 times too large, owing to 
the close packing of gas molecules in the 
detonation wave. Since 10 * sec for the life- 
time is an upper limit and 10" electrons/cc 
is a lower limit, it appears that the detona- 
tion reaction may set free from 1 electron per 
molecule of original explosive to as many as 
about 1 electron per molecule of gas formed. 
Because the drift velocity ?, of free electrons 
is (М./т)"? greater than 0; ions, one can 
account for the observed conductivity much 
better by means of free electrons than by 
ions. 

The evidence for free electrons in the det- 
onation wave of solid explosives and that 
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described previously for free electrons in 
flames and detonation waves in gases seem 
therefore to justify the conclusion that the 
electrical current in the reaction zone of 
solids is carried preponderantly by free elec- 
trons. There must, of course, also be as many 
positive charges as free electrons in the re- 
action zone of solid explosives. 


Ionization and Luminosity Zones in 
Gaseous Detonations 


Bennett and Wedaa' measured, in a 12- 
cm-square tube, luminosity and ionization 
zones in hydrogen-oxygen (2/1 mole ratio) 
at initial pressures p; in the range 1.0 to 40 
em of mercury. They observed quite good 
eorrelations between the luminosity and 
ionization profiles, showing evidently that 
the luminosity originated in the recombina- 
tion of the ions (and electrons), the recom- 
bination rates being proportional to the re- 
ciprocal of the internal electrical resistance 
or to the concentration of ions present. How- 
ever, there were some distinct differences 
between the luminosity and ionization 
traces, especially at low pressures. The pro- 
files showed initial luminosity rise times in- 
creasing from less than 1 usec at p; = 40 cm 
to 3 usec at 5 cm, 5 usec at 2 cm and 7 usec 
at 1.0 em Hg. In all but one of these four 
cases, namely the trace at 40 cm Hg, these 
luminosity curves showed continually in- 
creasing luminosity over the remaining part 
of the trace, all 150 usec in duration, no 
trace being given for the р, = 10 cm Hg case. 

The ionization rise time was also appar- 
ently less than 1 usec at 40 cm Hg and Ё = 
298 ст, and the minimum resistance (3,300) 
ohms occurred at the front of the trace. The 
resistance then increased (the ionization de- 
creased) over the first 25 usec to about 
10,000 ohms, after which it again decreased 
slowly over the remaining 125 џѕес of the 
trace. At р, = 10 cm Hg, interesting charge- 
length effects were observed in the ionization 
profiles. At L — 187 cm, an initial fast de- 
crease to 10,000 ohms occurred, followed by 
а slower decrease to a minimum resistance of 
about 4,000 ohms occurring at about 100 
usec, followed by a gradual (linear on a log 
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scale) increase to 30,000 ohms at 500 usec. 
At a charge length of 289 cm the resistance 
fell abruptly in a period within their resolv- 
ing power to 3,300 ohms and held approxi- 
mately constant for about 350 usec, then 
started a gradual (linear log R versus t) 
increase. At L = 398, the resistance de- 
creased discontinuously to about 3,300 ohms, 
and then increased linearly on the log R 
versus { plot. These length results indicate 
that the resistance contour stabilized at 187 
< L < 289 cm, corresponding to a (flat- 
topped) detonation head of about 40 to 50 
cm (0.2 Lm) length. 

At р, = 50 mm Hg and L = 398 ст, the 
rise time of the electrical conductivity curve 
was about 30 to 40 usec, remaining constant 
thereafter at (3,300) ! for the rest of the 
period of the trace (150 usec). At р, = 20 
mm Hg and L — 398 cm, the rise time of the 
ionization trace was about 500 usec to 3,300 
ohms resistance, although the resistance rose 
to 10,000 ohms in about 100 usec and held 
approximatl constant to 350 usec, then 
decreased to about 3,300 ohms at 500 usec, 
after which it began its characteristic (linear 
log R versus T) increase, reaching 30,000 
ohms at 1,000 usec. At 10 mm Hg and L = 
398 cm, the fall time to В = 3,300 ohms was 
200 usec, the trace extending only to 250 
usec. A striking result of the study of Ben- 
nett and Wedaa was the fact that the mini- 
mum measured electrical resistance was close 
to 3,000 ohms, in each case independent of 
the pressure p; . The above results are sum- 
marized in Table 7.4. 

The general features of the curves may be 
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explained by the assumptions that free elec- 
trons are generated by chemical reaction and 
that the recombination rate of free electrons is 
proportional to the concentrations of electrons 
in the plasma. The conductivity will then be 
proportional to the concentration of free 
electrons and to the usual factors which 
influence the mean drift velocity 5 and the 
mean free path. Referring to Figures 5.3 and 
5.4 and the detonation-head model, one ex- 
pects from the results at 10 ст Hg a pressure 
flat of 35 to 60 cm in length in the p(z) con- 
tour, corresponding to № = 0.2 L, which is 
the approximate duration of the flat for 
gases. This pressure flat should therefore last 
between 350 and 600 usec (t = h/(D — W)) 
in all cases. The pressure drop behind this 
flat region is а result of temperature drop, 
not any large change in density; the maxi- 
mum density change should be only a factor 
of about two behind the C-J plane to the 
end of the trace. But the mean free path 
depends primarily only on density. Hence 
the rate of recombination of ions should be 
proportional to the ion concentrations. Since 
$ should vary either as the square root of the 
mean free path (in a predominantly elec- 
trical field) or as the mean free path (under 
predominantly thermal motion, which is the 
present case), and the density change would 
thus be no more than 2.0, this factor will 
cause а resistance change of no more than a 
factor of two. This is within the noise level 
of the traces. Hence the density changes 
occurring behind the C-J plane would have 
had relatively little influence on the meas- 
ured resistance. The traces therefore were a 


TABLE 7.4. Summary ог Data FROM LUMINOSITY AND IONIZATION VERSUS TIME TRACES 
or BENNETT AND WEDAA! 
(2H :-O:; in 12-cm-square tube at 298 cm from initiator) 


build m tme (e Build (cm) 
(cn Hg) wa a Gh — 
40 1 1 0.1 0.1 
10 
5 3 30 0.3 3 
2 5 100 0.5 10 
1 7 200 0.7 20 


Approximate 
minimum R 
(1000 ohms) Decay region 
3.3 Small in 150 usec trace 
2 to 4 Linear log decay versus t 
(250 to 500 usec) 
3 Small in 150 usec trace 
3 Linear log decay versus ¢ 
(500 to 1,000 usec) 
3 Small in 250 usec trace 


(&) Luminosity zone to end of first major rise; (b) ionization zone to end of first major rise. 
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direct measure of the actual electron densi- 
ties. The density differences were, of course, 
important from one trace to another. 

The electron-density decay rate would be 
second-order if the mechanism were a direct 
electron-positive ion recombination process 
as follows: 


A* + eA (a) 


However the observed recombination fol- 
lowed а first-order law, possibly involving 
reactions somewhat as follows: 


B + e> B- 
B- + At=> А + В (b) 


That is, as a result of electron affinities of 
plasma atoms and molecules mechanism (b) 
might apply with the first step as the slow 
one, because free electrons can disappear as 
well via neutral atoms and molecules to form 
negative ions as via positive ions. Since the 
concentration of B species (effectively all the 
particles of the plasma) is effectively a con- 
stant, this mechanism would lead to an 
apparent first-order recombination law. 

The decay may be seen in all examples 
given by Bennett and Wedaa to follow the 
linear log R versus time curve. For example, 
at pı = 10 cm Hg, the log R versust curve at 
L = 189 cm was straight from R = 4,000 
ohms to about 60,000 ohms covering the 
time from about 100 to 700 usec; that at 
L = 398 cm was straight from about 2,000 
ohms to 20,000 ohms over the time from 
about zero to 1,000 usec. Theslope was 2-10? 
sec ! in the former and 10° sec ! in the latter. 
At L = 289 the p, = 10 cm Hg case showed 
a straight log E versus ¢ curve between about 
200 and 700 „sec (slope = 10° вес '). At 
pı = 20 cm Hg and Г = 398 cm, the noise 
level was excessive, but the decay curve still 
followed approximately the log В versus f 
linear law with an increase in В amounting 
to a factor of about three in about 1,000 usec, 
giving a slope of about 500 sec ! for the first- 
order decay-rate constant. This first-order 
decay constant was thus about a fourth that 
at p; = 10 em. 

The apparent constancy of the observed 
minimum resistance at about R = 3,000 
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ohms is striking. Но = constant, then one 
would also require пб, to be a constant. But 
one would expect n(maximum) to be propor- 
tional to pı (aside from loss of ions by decay 
during the period from the beginning to 
ionization maximum) and 0, to vary either 
as ру '* or as p; ', depending on the relative 
importance of thermal and field-accelerated 
velocities. Hence at the minimum resistance, 
neglecting loss of ions at this point by decay 
which seems justified, one would expect the 
ionization curve to increase either as p'" (in 
very large fields) or to remain constant as in 
the present case. The observed constancy of 
R (minimum) indicates that бир: ', and that 
the average velocity in а mean free path is 
the thermal velocity v, = (ЗВТ/т)"*. One 
expects, under the conditions of the experi- 
ments of Bennett and Wedaa, that the 
average velocity 0, will be determined 
strictly by the thermal value беру '. Hence 
the observations of constancy of В (mini- 
mum) are in accord with expectations. 

The most striking result of Bennett and 
Wedaa was their long measured ionization- 
zone rise (apparent reaction zone) lengths 
shown in Table 7.4. The reaction rate of the 
2H;-O; mixture, according to considerations 
discussed in Chapter 4, may be in accord 
with the rate-determining reaction 


H; + OH > HO +H 


or a comparable one in which free radicals 
play an important role. Assuming the P-flat 
(T = T3) reaction zone, the time for the 
reaction to reach the fraction N, completion 
would therefore be given by 


М 1 — № 
М. 1 — № 

= k(& — la) 
in which №, and № are fractions near zero 
and unity, respectively, chosen to remove the 
difficulties of (1) getting the reaction started 
(the equivalent of generating appreciable 
OH at the wave front) and (2) allowing that 
the reaction need not proceed to N = 1.0. 
Reaction may be considered effectively com- 
plete at, e.g., № = 0.99, excessive times being 
required for reaction to proceed from N = 





Ne 
dN/(1— N)N = »[ 


No 
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0.99 to N = 1.0 ір a mechanism such as this. 
If however one were to insist on making 
N. = 0 and N, = 1, then the above theo- 
retical reaction mechanism would require an 
infinite reaction time. À reaction of this type 
has its maximum rate at half reaction, the 
rate falling on either side of N — 0.5 as in 
the normal or Gaussian curve. The N versus 
t curve is therefore an S-curve with an initial 
induction zone, & rapid-rise portion with an 
inflection at N = 0.5, and a subsequent 
slowing stage toward the effective end of the 
reaction zone or C-J plane. Incidentally, any 
other acceptable mechanism would lead to 
about the same sort of kinetics in the H;-O; 
system (cf. Reference 6). 

The ionization-rise curves of Bennett and 
Wedaa show qualitatively, at least beyond 
about 20 per cent of their rise portion, the 
characteristic of this theoretical Н, + OH 
reaction. In the earliest stages the rise is, 
however, somewhat more rapid than this 
law requires, suggesting other sources of OH 
or possibly another free-radical mechanism 
of reaction in this range. Moreover, it seems 
self-evident that only chemical reaction can 
increase ionization in this system in the 
manner found, i.e., at such large distances 
behind the wave front as were observed by 
Bennett and Wedaa, because in no other 
way does it seem possible to account for 
anything like the manyfold resistance de- 
crease occurring in the rising portions of the 
ionization curves. It appears, therefore, that 
the reaction zones of the low-pressure 2H;-O; 
mixtures, while perhaps surprisingly long, 
are really those corresponding to the rise 
portions of the ionization curves of these 
investigators. The value of the reaction-zone 
lengths a, thus determined, however, were 
from results shown in Table 7.4, possibly two 
to four times greater than thea, values quoted 
by Kistiakowsky and Kydd^^** * 8: * from 
their interpretation of their p(r) measure- 
ments. 

Incidentally, at the lowest pressures at 
which detonation remains ideal, the effective 
reaction-zone length in gases, as in solids, 
would, in the geometrical model, be the same 
a8 the length of the pressure flat, namely 
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about 0.2 L» . This flat wassupposedly about 
35 to 60 cm in the conditions employed by 
Bennett and Wedaa. Their maximum meas- 
ured ionization-rise time of 200 psec cor- 
responded to an a, of about 2.10 * (D — 
W) = 20 cm. This is still less than the length 
of the expected P-flat, and therefore the 
velocity would still be ideal at p; = 1 cm Hg. 
The velocity curves presented by Bennett 
and Wedaa were in agreement with Equation 
(3.2) and data given in Table 3.2 for this sys- 
tem over the entire range, verifying the ideal 
detonation of 2H;-O; in the 12-cm-square 
tube at all pressures studied. 

Gilkerson and Davidson,' employing io- 
dine as a colorimetric indicator for the (in 
their case supported) shock front, concluded 
that the reaction zone in 2H;—O; at 0.035 atm 
(2.7 cm Hg) was 4 to 6 mm thick and that a, 
was less than 10* collisions thick, their esti- 
mates giving a, = 10° to 4-10* collisions in 
thickness. (At twice 0.035 atm, or, more pre- 
cisely, at p, the mean free path in the 
2H:-O; should be about 4-10 * cm and 9 
should be about 2-10° cm/sec.) Note, how- 
ever, that in the shock-tube experiment the 
reaction was overdriven, and thus there would 
have been an excessive temperature and 
pressure in the reaction zone of Gilkerson 
and Davidson. Their conditions would thus 
lead to а lower-limit reaction-zone length. 


Electrical Potentials and Conductivities 
in Media Surrounding Detonation 


Keyes and Collins made an important 
accidental discovery in 1952 that detonations 
are capable of generating large electromotive 
forces in external systems. In using a flash- 
light battery, Keyes fired a shot by holding 
the bare wires in each hand in making con- 
tact of the lead wires with the battery. Alert 
to the implication of the results experienced, 
he had Collins fire the next shot in the same 
way. They both agreed that for some reason 
or other the flashlight battery had developed 
а mysteriously high voltage. This interesting 
observation lead to & brief investigation of 
electrical potentials (measured with respect 
to the earth) existing in the vicinity of 
charges during their explosion. In general, 
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the signals obtained exhibited a duration of 
several milliseconds and were found to con- 
sist of a positive pulse followed by a nega- 
tive one, or vice versa. No explanation was 
found in this initial study for the fact that, 
in some cases, the initial pulse was positive 
while in others it was negative. A 2,000 peak- 
to-peak voltage was obtained in the explo- 
sion of a No. 8 E.B. cap using a signal probe 
in the form of a wire mounted along the side 
of the cap. Signals of about the same magni- 
tude were obtained when the signal probe 
consisted of a 5-cm-diameter wire screen 
with the cap along the longitudinal axis. 
The explosion of larger charges produced 
larger voltages. For example, pressed tetryl 
(d = 2.5 cm, L = 2.5 em) produced 5,000 
volts (peak to peak) using a 3-cm-diameter 
screen cylinder, concentric with the charge, 
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as the signal probe. Using the same size 
tetryl pellet and a 5-cm-diameter screen 
cylinder packed with salt (NaCl), 20,000 
volts (peak-to-peak values) were observed. 
In one instance the peak-to-peak voltage 
reached 40,000 volts. 

Figures 7.5a, b show traces of the conduct- 
ance versus time curves obtained with the 
probe technique described in the previous 
section in pressed pellets of salt and sugar. 
These traces were obtained in 5.1-cm-diame- 
ter pellets at З ст from the ends of 5-cm (d), 
15 em (L) Composition B charges. Ioniza- 
tion could be detected in salt pellets up to 6 
em and in sugar up to 4 cm from the inert- 
explosive interface, and the voltages followed 
approximately the intensity of the luminos- 
ity versus distance trace (Figure 7.5c). 
Table 7.5 gives unpublished results of Cook 
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Figure 7.5a. 





Figure 7.5b. 
Figure 7.5. Conduction versus time trace in (a) pressed salt (NaCl) and (b) pressed sugar wafers at 
3 cm, and (c) streak-camera luminosity trace in pressed salt from end of 5-cm Composition B. (Filter 
across Composition B but not salt.) 
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and Lee of conduction-zone length and re- 
sistivity data for four inert solids in the form 
of loose powder and pressed pellets measured 
at various distances from the Composition 
B-inert-solid interface. The interesting con- 
ductances (calibrations to compute conduc- 
tivities not made) observed in the inert solids 
may be due either (1) to ionization of the air- 
filled voids within the inert solids, (2) to 
some (endothermic) reaction of the inert 
solids in which ionization accompanies reac- 
tion much the same as in reaction of granular 
explosives, or (3) to both factors (1) and (2). 

Savitt measured the ionization profile in 
the shock wave inairin a confined air column 
at 0.75 in. to 3.5 in. from a confined 0.15-in. 
lead azide charge using the miniature-charge 
technique described in Chapter 2. Like the 
above measurements in solids, Savitt ob- 
tained voltage-time traces the amplitude of 
which gave a measure of the conductivity 
behind the shock front, i.e., the o(¢) curve. 
Savitt’s traces showed the following: 

(1) At 0.75 in. from the explosive, the 
probe circuit was effectively completely 
shorted by the air shock wave (as indicated 
by comparison with his trace for a shorted 
probe) at zero time and for the first 3 usec. 
The trace then fell to half maximum 3 usec 
later, showing about a 3-usec half life, or 6 
изес from the beginning. 

(2) At 1 in. from the charge, the trace 
jumped instantaneously to 0.7 maximum 
(effectively shorting the probe circuit) in 
0.5 usec, remained effectively shorted for 
about 1.3 usec, then fell (at a rate decreasing 
evidently logarithmically with time) to half 
maximum 2.8 usec later (the approximate 
half life of the free electrons) or at 4.6 usec 
from the beginning. 

(3) At 1.5 in. the trace jumped instantane- 
ously again to 0.7 maximum, increased uni- 
formly to the maximum (corresponding to 
about 0.6 the shorting voltage) at 0.9 usec, 
and then decayed as before to half maximum 
at 3.2 usec (2.3 изес beyond maximum or 
about a 2.3-usec free-electron half life). 

(4) At 2.5 in. the trace started at 0.5-0.6 
maximum, increased over a period of 1.4 
usec to the maximum (about 0.6 the shorting 


кеа Google 


155 


(IN. THICK 
COMP В CARDBOARD CONTAINER) 


Ж NOCI (pressed) | | 






DISTANCE (cm) 
10 5 20 25 30 35 


o 5 


TIME, (J1-secs) 





Figure 7.5c. 


potential), and then decayed in 2.5 изес (3.9 
usec from the beginning) to half maximum. 

(5) Finally, at 3.5 in. from the charge, the 
trace again began instantaneously (this time 
at about 0.3 maximum), rose in 3.5 usec to 
the maximum (about 0.4 of the shorting po- 
tential), and then decayed along the same 
characteristic rate of decay versus time 
curve, over a period of 3.4 usec to half maxi- 
mum at 6.9 usec. Thus the free-electron half 
life was approximately the same in all traces, 
averaging about 3 usec. 

As Savitt pointed out, the conductivity 
versus time traces did not resemble the cor- 
responding p(f) curves. Actually, as shown 
by Savitt and Stresau (Chapter 13), the 
shock wave in this case was а supported 
shock wave. In fact, after expanding even to 
3.5 in. from the original charge, the hot gas 
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TABLE 7.5. CONDUCTANCE IN Вноск WAvE IN (5.1-cm-D1AMETER) INERT SoLips [SHOCK GENERATED 
By 5.1 (d) X 15.3 (L) см COMPOSITION B] iN Contact WITH INERT Souips PLACED ON END or CHARGE 
Pins PERPENDICULAR TO EXTENDED Axis OF CHARGE—28 VoLTs IN PRIMARY CIRCUIT 


ppt from 
Inert Density (g/cc) ^ m) m 
Coarse, loose salt 1.06 1 
1.06 3 
1.06 4 
1.06 6 
Fine, loose salt 1.03 1 
1.03 3 
1.03 4 
1.03 6 
Pressed salt 1.86 1 
1.86 2.2 
1.86 3 
1.86 6 
Pressed sugar 1.26 1 
1.26 3.0 
1.26 4.0 
ZnS 1.62 2.5 
ADP 1.4 2.9 


Conduction rise time Time to Amaze! 
Xmaxt (mho) (usec) (usec) 
1.92 2.1 4.1 
2.0 9.6 >10 
0.59 16 >16 
0.007 2.8 20 
2.0 2.8 3.3 
2.8 12 21 
0.7 46 >46 
0.001 
1.11 5.3 10 
0.42 3.2 14 
0.24 4.6 9 
0.004 1.0 47 
0.71 3.0 5.5 
0.73 1.5-2.0 5.0 
0.001 
2.7 3.2 6-13 
1.4 3.5 13 


t Conductivities (ohm^!-cm^!) approximately numerically half the conductances (mho) given—rough 


estimate. 


NOTE: The conduction-time traces showed a number of peculiar irregularities, e.g., discontinuous rise- 
and-fall characteristics, beyond the initial rise time. 


cloud in this case should have had an average 
pressure in excess of eight times that at the 
shock front at 3.5 in. from the charge. Hence 
the p(z) or p(t) curve should have been that 
of & supported shock, i.e., approximately flat 
between the shock front and hot gas cloud. 
The shock-wave velocity was about 5 
mm/ysec at 0.1 in. and 3.3 mm/ysec at 3.5 
in. (see Table 13.1). Therefore the tempera- 
ture should have varied from about 10,000°К 
at 0.1 in. to about 4000°К at 3.5 in. These 
temperatures are too low to produce the ob- 
served ionization, and it is assumed from 
this fact and evidence discussed below that it 
resulted from reaction at the surface of the 
explosive corresponding to conditions seen 
in microsecond color photography that pro- 
duce the plasma described below. The decay 
of electrons should be governed by the same 
exponential or first-order decay law found, 
e.g., in the traces of Bennett and Wedaa. 
The half life of electrons was about 200 to 
500 „sec at 0.0001 g/cc for Н,О and should 
therefore be of the order of 2 to 5 usec in air 
8t about 0.01 g/cc, which is the magnitude 
of the density p» in the (driven) shocks. If 
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the average particle velocity in the (piston- 
driven) gases that were immediately in front 
of the original charge were 0.88V*, they 
would be found at about 0.4 in. behind the 
shock front when the latter was at 3.5 in. 
from the charge, and would thus contact the 
ionization probes about 3.5 usec after the 
start of the trace. This corresponded closely 
to the time of arrival of the peak in Savitt’s 
a(t) traces at 3.5 in. Thus the initial rise of 
the conduction-time curves is evidently 
merely a record of the ionization created 
during the reaction of the explosive at the 
surface of the charge less the amount of 
recombination that has occurred in the 
meantime. The maximum conductivity point 
of the ionization- (or conduction-) time 
traces therefore is probably, in all of Savitt’s 
o(t) curves, simply a measure of the elec- 
tron density and diffusion of the plasma at 
a given time that was at time zero adja- 
cent to the explosive charge. The part of 
the c(t) traces at times greater than Smax is 
probably a measure of the electron recom- 
bination laws in this confined case and agrees 
substantially with predictions of the elec- 
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tron’s half life based on the Bennett and 
Wedaa observations; ie., in this confined 
case the air shock is still considerably ahead 
of the hot gas cloud, as indicated by results 
described in the next section (see also Fig- 
ure 7.6). 

Cook and Lee measured, in the initial 
studies of a program still in progress, the 
conductivity in the air shock wave from un- 
confined 20-g tetryl pellets fired with E.B. 
caps. They observed a finite conduction at 
distances up to 52.5 cm from the charge. 
Their preliminary results of measurement 
of the total conduction at various distances 
from the charge are presented in Table 7.6. 
Note that the peak conduction remained 
essentially constant at 0.1 mho over a 15-cm 
gap and then decayed to 0.03 mho at 43.5 cm 
and finally to 0.009 mho at 52.5 cm. The 
shape of the traces were essentially the same 
as those of Savitt; they showed a typical log- 
arithmic decay beyond the peak of the 
trace. 

Figure 7.6 shows a static image and 19 out 
of 24 frames of framing-camera pictures by 
Dr. D. H. Pack, using self-illumination of 
the shock wave produced by a liquid explo- 
sive and propagated first in a glass tube and 
then in air. Color photography brings out 
the striking features of ionization that would 
be missed completely in black-and-white 
photography. Measurements of the ioniza- 
tion profile in the shock wave revealed that 
the ionization zone corresponded closely with 
the luminosity zone showing that the lu- 
minosity zone is associated with electron 
recombination. This evidence shows clearly 
that the highly luminous cloud is a plasma. 
The feathery nature of the luminous cloud 
or plasma, its diffusion characteristics, and 
especially its luminosity versus time charac- 
teristics serve to distinguish it from a shock 
wave with which it has generally been asso- 
ciated in the past. Note that the ionization 
zone remained separated from the opaque 
hot gas cloud over the entire distance in this 
case. The separation of the air shock and 
ionization regions from the hot gas cloud 
should allow one to study by means of the 
ionization and luminosity profiles the re- 
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TABLE 7.6. RESULTS ог CONDUCTION MEASURE- 
MENTS IN AIR BY Соок AND LEE AT VARIOUS 
DISTANCES FROM THE Enp oF 20-g TETRYL 
PELLET Usina IONIZATION-PROBE METHOD 
WITH PINs PERPENDICULAR TO EXTENDED AXIS 
OF CHARGE 

Distance Peak conduc- Rise time 

"s 


(cm) tion (mho) (и 6t (usec) 0:3 
1.0 0.08 0.4 1.4 4.0 
2.0 0.09 0.5 2.2 4.0 
3.0 0.09 0.7 2.3 6.4 
5.0 0.14 0.9 2.8 9.7 
7.0 0.10 0.6 2.5 13.28 
11.0 0.09 0.9 2.9 10.6 
15.0 0.10 1.7 3.7 6.35 
43.5 0.03 11.0 70.0 80.0 
52.5 0.009 24.0 70.0 70.0 


19 = time to decay to e~! times the peak con- 
duction. 

16; = duration of measurable amplitude of 
voltage. 

$ Showed irregularity toward end of trace. 


combination of free electrons in gases under 
widely different conditions. An interesting 
result is that the ionization cloud or plasma 
produced in the detonation of NM, which 
was normally about the same as that shown 
in Figure 7.6, was eliminated when a film of 
water about 2 to 3 mm thick was placed on 
the surface of the NM. 

Numerous observations in this laboratory 
of the formation of the plasma show it to be 
intimately related to the reaction zone in the 
explosive as it reaches the surface. For ex- 
ample, the time required for the plasma to 
form and separate from the detonation prod- 
ucts appears to be identical with the reaction 
time of the explosive. For instance, plasma 
continues to be formed in NM over a period 
of 4 usec, compared with about half this for 
Dithekite 13. Apparently the surface layers 
of explosive begin to spray ions and electrons 
into the low-density region of the gas phase 
when they start to react and cease as soon as 
the reaction is over. The plasma thus formed 
has a long half life owing to the low density; 
that formed under the high-density condi- 
tions inside the explosive disappears rapidly. 
Another factor of importance is that the 
plasma renders visible the very front of the 
reaction, as shown in Figure 6.14. It is for 
this reason that the heat impulse and pre- 
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Figure 7.6. Framing camera sequence of air shock wave in and beyond a glass tube (produced by 
75/25 concentrated nitric acid-nitrobenzene) showing luminosity due to electron recombination in 
plasmas. (original in color). 
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cursor shock can be observed definitely 
ahead of the peak-pressure region even in 
such explosives as Composition B, as shown 
at the end of this chapter. 


Magnetic Fields in Induction Zone 


Since any magnetic field which may exist 
in the surrounding medium accompanying 
detonation would necessarily be one of rap- 
idly changing strength, magnetic-field meas- 
urements were made in the author’s labora- 
tory by using a coil as the sensing element. 
The voltage induced in the coil is, of course, 
У = —10° n(d¢/dt) where V is here the 
voltage, ф the flux in maxwells, and n the 
number of turns. Keyes and the author car- 
ried out the following crude investigation to 
determine the desirability of developing the 
necessary more refined techniques to study 
magnetic fields surrounding detonations. A 
damping resistor was used in series with the 
coil of proper value for damping of the cir- 
cuit. Without damping, the shocked circuit 
would oscillate at its natural frequency. The 
equivalent circuit for the coil used was as 
follows: 





L—8-in. diameter, 200 turns 

R,—3,200 ohms 

Е:—1 megohm 

C,—800 риё (input capacitance scope and coaxial 
cable combined) 


Shots were made using 5 x 10-ст tetrytol, 
and the coils were placed both at right angles 
to and along the charge axis. In all cases they 
were placed at 40 cm from the charge, a dis- 
tance large enough that the shock wave did 
not reach the coil during the interval of 
measurement. Shots were made at right 
angles to the charge axis with the plane of 
the coil both perpendicular and parallel to 
the charge axis and along the charge axis 
with the plane of the coil perpendicular to 
the charge axis. The results were, however, 
similar in all cases; induced voltages of ap- 
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proximate sine wave form lasting about 20 
usec were obtained. The magnetic fields 
computed from these voltages were, how- 
ever, quite small. A maximum magnetic field 
of about 0.003 gauss was computed from the 
signal voltages. The signals were therefore 
too small to be definitely attributable to & 
magnetic field. The positive results do, how- 
ever, seem to justify detailed and refined 
studies. Such studies have not yet been 
undertaken. 


Electromagnetic Radiation from Det- 
onations 


Kolsky’ and Takakura” have reported 
EM-radiation from detonations of high ex- 
plosives in the range from ‘‘video” frequen- 
cies to “centimeter waves". The former used 
a wide band receiver and detected pulses of 
‘radio noise" from small pieces of Primacord. 
Takakura used 0.1 to 0.4 g lead azide charges 
detonated in air by а flame. He measured 
pulse signals with receivers for 3300, 190, 
90, 14 апа 6 Mc/s and video (< 1 Mc/s) 
frequencies. By using two antennas he 
showed the signals to be excellently corre- 
lated in all directions and to vary in energy 
inversely as the distance. Although he, like 
Kolsky, worked within one wave length, 
i.e., within the induction zone, in all except 
the 3300 Mc/s measurements, he concluded 
that the pulse signals were EM-radiation 
rather than simply electrical pulses in the 
induction zone. 

Keyes, Pound and the author have car- 
ried out studies of electrical fields radiated 
from detonations. While their studies are as 
yet incomplete, а brief summary of their 
observations are of interest. The method 
used by them to detect "radio noise" was 
simply to measure with a cathode follower, 
having, in initial studies, a cutoff frequency 
around 30 Кс/з, the average voltage devel- 
oped in an antenna at its center. Two anten- 
nas were used each with а separate oscillo- 
graph. Antennas were placed at various 
distances and orientations relative to the 
axis of cylindrical charges of various sizes. 
The charges were placed at various heights 
above ground and fired either with EB caps 
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ог fuse caps. Figure 7.7 shows typical oscil- 
lograph traces. 

Figure 7.7a shows two traces, recorded 
simultaneously by separate instruments, of 
the radio noise generated by the same 2- to 
3-lb Composition B charge (d = 5 cm) placed 
75 cm above ground and fired with an E.B. 
cap using a 1.5-volt firing unit. In this shot 
the antennas were placed each at 100 ft from 
the charge, with one antenna along an ex- 
tension of the charge axis and the other per- 
pendicular to the charge axis. The sweep 
speed was 500 usec/cm. Note the excellent 
reproducibility of the traces from the sepa- 
rate instruments. This and many similar re- 
sults confirm Takakura’s observation that 
the radio noise at a given distance from the 
charge has essentially the same characteris- 
tics independent of the orientation of the 
antenna relative to the charge axis. The peak 
voltage generated in each antenna in this 
case was 0.2 volt, and the frequency of the 
initial pulse was about 5 kc/s. 

Figure 7.7b shows two traces from a sec- 
ond shot made also with an Е.В. cap using a 
1.5-volt firing unit. Conditions were identical 
in this case with those that produced the 
traces in Figure 7.7a as far as could be de- 
termined. The pulse in the first 150 usec of 
the trace was approximately the same, but 
that in the remaining nearly 5 msec of trace 
was not. This is characteristic of shots of 
this size made at this height with E.B. caps; 
the trace in the first 150 usec was reproduci- 
ble in shots of 2 to 3 Ib of Composition B 
fired at 75 cm above ground, but for times 
greater than 150 usec after the initial pulse 
it was strictly irreproducible. On the other 
hand, Figure 7.7c shows two traces gener- 
ated in an antenna at 30 ft and 60 ft, by & 
270- and an 1,100-g charge, respectively, 
each at 90 em height and fired with a fuse 
cap. Note that in these shots the traces are 
quite alike not only with respect to the ini- 
tial nearly sine wave pulse but at times be- 
yond the initial pulse. However, the radio 
noise beyond the 300- to 350-usec period of 
the initial pülse was practically absent. 

When shots were fired (with fuse caps) 
directly on the ground, practically all radio 
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noise was eliminated as far as signals in an- 
tennas at 30 to 100 ft from the charge were 
concerned. Firing on the ground apparently 
almost completely eliminates radio noise at 
least from 70- to 1,100-g charges (see Fig- 
ure 7.7d). 

Composition B charges ranging in size 
from 70 to 1,100 g (the charges were 2.5 to 
10 cm in diameter) generated apparently no 
signal at all when fired with fuse caps at a 
height 240 cm above ground (see Figure 
7.7d). The optimum signal appeared to be 
obtained at & height approximately equal to 
the radius of the expanded hot gas cloud at 
the point where the hot gases at the explosion 
temperature T; would theoretically reach 1 
atm. However, charges fired with Е.В. caps 
developed some radio noise at heights greater 
than this. For example, Figure 7.7e shows a 
trace from a 2-lb charge fired at 240 cm 
above ground. In this case considerable ra- 
dio noise was generated. 

The peak voltages generated in an antenna 
at 30 ft from charges fired at 90-cm height 
ranged uniformly from 0.05 volts with a 
70-g charge to 0.5 volts from а 1,100-g 
charge. Thus the voltage increased about as 
the 0.8 power of the charge weight at this 
height. Possibly, therefore, the voltage- 
charge weight curve at а given distance will 
follow approximately a first-power law. 

At 60 ft from the same charges mentioned 
above the voltages were about one-fourth 
those at 30 ft, showing that the induced 
voltage in the antennas varied approxi- 
mately as the inverse square of the distance. 
This is characteristic of an electrical field in 
the induction zone. 

The frequency of the approximately 
(single) sine wave pulse from 70-g to 1,100-g 
charges fired at 90-cm height above ground 
with fuse caps varied from 6.2 to 2.8 Кс/з, or 
about inversely as the one-third power of the 
mass of the charge. 

A striking fact bearing directly on the 
mechanism of the radio noise radiated from 
explosions was that the use of a grounded 
wire screen 150 cm above the charge com- 
pletely eliminated the radio-noise signal. 
This experiment was made in order to elimi- 





Figure 7.7а. Traces from two different instruments with antennas at 100 ft from 2- to 3-lb charge 
fired at 75-cm height with E.B. cap; antennas at right angles to each other. (Vertical sweep 0.1 volt/cm; 
horizontal 500 usec/cm.) 

Figure 7.7b. Attempted reproduction of traces using conditions identical with those in (a). (Vertical 
sweep 0.2 volt/cm; horizontal 500 usec/cm.) 

Figure 7.7c. Traces from 270- and 1,100-g shots at 90-cm height—shots with fuse caps; antenna at 
30 ft and 60 ft, respectively from charge. (Vertical sweep 0.05 volt/cm for 270-g charge and 0.1 volt/cm 
for 1,100-g charge; horizontal 500 usec/cm.) Ы 

Figure 7.74. Traces from two 1,100-g shots, опе fired in contact with ground and the other at 240 cm 
above ground; antenna at 30 ft. (Vertical sweep 0.1 volt/cm.) 

Figure 7.7e. Trace from 2- to 3-lb charge shot at 240-cm height with Е.В. cap; antenna at 100 ft. 
(Vertical sweep 0.2 volt/cm.) 
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nate the influence of the normal vertical 
potential gradient of the atmosphere which 
amounts to about 1 volt/cm. The success 
of this device in eliminating the radio noise 
appears to associate the radiation of electri- 
cal pulses from detonations in this range with 
the vertical potential gradient of the atmos- 
phere. 

A 1,100-g charge fired at a height of 240 
cm above ground with a grounded probe 
extending to a height of 150 cm above ground 
produced a signal comparable to that from 
the same charge fired at 90-cm height. More- 
over, the strength of a pulse from a given 
charge has been observed on many occasions 
to depend strongly on the condition of the 
ground; it is strong for wet ground and weak 
for dry ground. 

Finally, in every case there was a delay 
between the instant of firing of the charge 
and the appearance of the initial pulse at the 
antenna corresponding apparently precisely 
with the time required for the hot gases to 
expand to the diameter where they were able 
to make direct contact with the ground, or 
with a grounded probe. 

The above results for signal frequencies 
just below the approximately 30 Ke/s 
cutoff, where therefore only part of the 
energy of the source was recorded, seemed to 


SIGNAL AMPLITUDE 
(Volts) 





TIME (msec) 


Figure 7.8. Low frequency EM-radiation at 
10 ft. from 20 g. tetryl charge. 
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associate the source of the electrical pulses 
generated by the explosions with the vertical 
potential gradient of the atmosphere. More- 
over, to generate the pulses it appeared 
necessary suddenly to ground the expanding 
plasma. But this grounding apparently 
had to be made some time after the initial 
expansion. The mechanism of generation of 
the Kc/s range signals may therefore be 
somewhat as follows: 

During the initial expansion into the at- 
mosphere of the gaseous products of detona- 
tion, at the front of which is, of course, the 
observed plasma the gas cloud becomes 
charged, evidently as a result of polarization 
of the plasma at the surface of the expand- 
ing gas cloud under the influence of the at- 
mosphere's vertical potential gradient 
and/or electrokinetics. After this gas cloud 
accumulates sufficient charge in this way it 
may then be discharged by making a direct 
contact with ground or through a suitable 
grounded probe. The electrical pulse begins 
to radiate at the instant the discharge com- 
mences, the wave length of the radiated pulse 
being then roughly proportional to the diam- 
eter of the gas discharged and to the conduc- 
tivity of the ground. When the gas cloud 
is grounded throughout its expansion by 
shooting the charge directly on the ground 
it, however, generates no electrical pulse; 
nor will it generate an electrical pulse unless 
it is suddenly discharged after it has had time 
to accumulate а charge in itself. The effects 
produced by E.B. caps may be explained by 
the fact that the cap lead wires provide a 
direct coupling to the conducting gas cloud 
creating a type of oscillator which acts 
(irratically) over a period of several milli- 
seconds as a transmitter. 

More recent studies in the author’s 
laboratory employed a cathode follower with 
a flat response down to less than 10 cycles/ 
sec and in all cases 1” (d) x 1” (L) pressed 
tetryl pellets (20 to 22 grams) detonated 
with fuse caps. In order to control and 
determine the influence of electrical field 
shots were made with both the charge and 
the antennas under a grounded, conducting 
canopy. Figure 7.8 illustrates the traces 
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obtained with the charge one foot above 
ground and the antenna at 10 feet from the 
charge. At 14 ft the signal was slightly re- 
duced and at 114 ft it was slightly increased 
relative to that at 1 ft height. (Owing to 
the limited size of the canopy it was imprac- 
tical to determine the influence of varying 
distance.) The sweepspeed of the recording 
oscillograph was set at one millisecond per 
cm in all cases which was the slowest speed 
practical with the cathode follower. This 
permitted only a little over 14 cycle of the 
main component of the radiation to be 
recorded as illustrated in Figure 7.8. 

The high frequency (approximately Кс/з) 
disturbance associated above with the short- 
ing of the electrical fields was evident in all 
cases at the beginning of the trace. How- 
ever, the predominant component of the 
trace was one that occurred even in the 
absence of an electrical field having a fre- 
quency apparently around 30 cycles/sec as 
indicated by the fact that the (quarter) 
period of the approximately quarter wave 
recorded was about 8 msec. The (half) 
amplitude in the absence of an applied field 
as determined at the minimum of the trace 
was about 7 volts (negative). The quarter 
wave trace was displaced to the extent of 
about 0.05 to0.1 volts/volt/cm by an applied 
electrical field, it being raised (made less 
negative) an average of about +1.5 volts 
(to a minimum of —5.5 volts) at about —20 
volts/cm, obtained by applying a — 5000 
volt air-to-ground potential over a distance 
of 8 ft, and about —1.5 volts (to & mini- 
mum of about —8.5 volts) at about +20 
volts/em, obtained by applying +5000 
volts over this distance. 

The electrical field appears from these 
results to have two effects. The first one is 
to polarize the plasma and the radiation 
due to this effect appears upon shorting the 
ionized gas cloud when it strikes ground or a 
grounded probe to produce the approxi- 
mately Kc/s pulses at the beginning of the 
trace as described previously. The second 
one, which is apparently of the same magni- 
tude, namely about 0.05 to 0.1 volt ampli- 
tude per volt/cm field gradient is simply to 
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raise (with a positive air to ground potential 
gradient) or lower (with a negative air to 
ground field) the whole trace of the main 
disturbance without influencing its fre- 
quency. This effect appears to be simply the 
result of a very large effective time constant 
in reforming the field. That is, the influence 
of shorting of the field appears as a long 
duration signal owing to the low rate of 
reformation of the field. 

There appears also to be a simple explana- 
tion for the low frequency (approximately 
30 cycles/sec) electrical pulse corresponding 
to the main trace in Figure 7.8. The key to 
this predominant component of the low 
frequency signal was found by observing 
the signal created in rupturing & diaphragm 
under high pressure and in the direction of 
the antenna. By rupturing a l2" diameter 
disk at 1800 psi in argon, the same type 
signal was observed with the low frequency 
(flat) response system with the antenna at 
3 ft from the rupture disk as those shown 
in Figure 7.8. In fact, the traces obtained 
in the disk rupture system had approxi- 
mately twice the frequency and were greater 
in amplitude at the closer range mentioned 
than those illustrated in Figure 7.8. The 
former had an amplitude of about —10 
volts in the half wave recorded. The trace, 
however, did not exhibit the initial high 
frequency components characteristic of 
detonation. This result seems to show that 
the predominant low frequency component 
of the signals illustrated in Figure 7.8 is 
associated with solid particles moving to- 
ward the antenna. The particles become 
charged by the electrokinetic effect, and as 
they approach the antenna the signal grows 
in intensity until the particles pass over the 
antenna. For example, the time required 
agrees approximately with the observed 
quarter period of the signal. In the case of 
the tetryl pellet shots the solid particles may 
come from the cap itself and/or from 
unburned grains of tetryl in the expanding 
gases, namely the grains on the periphery of 
the charge in the region of the “ейде effect" 
where reaction takes place relatively slowly 
or in some cases not at all. 
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Free Electrons in Reaction Zone and 
Mechanism of Detonation 


It was shown in Chapter 4 that the con- 
dition P = 1, which seems to apply through- 
out the reaction zone in detonation, requires 
a model in which the heat conduction is 
appreciable. We now consider the possibility 
that heat conduction in the reaction zone 
may be sufficient to erase the spike of the 
Zeldovich-von Neumann-Doering model 
without violating the fundamental principles 
of conservation. In other words, as made 
clear in Chapter 4, appreciable heat conduc- 
tion would increase the kinetic enthalpy 
above Р? in the front, and thereby lower 
P. If, for example, heat conduction were 
sufficiently rapid to make the kinetic 
enthalpy H of Figure 4.7 the same as Q + e 
throughout the reaction zone, one would 
obtain P = 1 over the whole zone or a 
P-flat reaction zone. This requires carrying 
along the heat H, by conduction. 

From the measured electrical conductivi- 
ties in the reaction zone and assuming the 
validity of the Weidemann-Franz ratio 
(к./сТ = 3(k/e)) = 248.10 * е.зм), one 
finds about 10 * cal/cc/°K/sec for the aver- 
age conductivity x, contributed by free 
electrons in the reaction zone. But the ions 
and molecules in this zone and in the non- 
reacted explosive should contribute more 
thermal conductivity, e.g., к; for ordinary 
products of detonation at room temperature 
is about 10 * cal/em/°K/sec. Superficially, 
therefore, one might assume that the elec- 
trons in the reaction zone, while contribut- 
ing primarily all the electrical conductivity, 
contribute a negligible portion of the thermal 
conductivity owing to their presence at an 
average concentration only about 107° to 
10 * that of the molecules. However, this is 
not at all the case, at least in solids. 


The thermal current w is given by 
w = —xdT/dz (7.2) 


where the thermal conductivity к is theo- 


retically 
к = 2rviC,/3 (7.3) 


т being the relaxation time, v, the average 
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thermal velocity, and C, the specific heat 
of the carriers of the thermal current. Since 
т = М/о, where А is the mean free path, 
which varies roughly inversely as the con- 
centration of molecules in the gas phase, 
and since C, and v, each should vary about 
as Т! к should increase roughly in propor- 
tion to T. At detonation temperatures, 
therefore, gases at a given density ought to 
have thermal conductivities about 10 times 
higher than at room temperature. Moreover, 
since v, varies as M;'”, electrons should 
contribute about 200 times more thermal 
current than the same number of molecules 
of average molecular weight 30, the approxi- 
mate average molecular weight of products 
of detonation. Hence к is about 10 ? cal/ 
cm/°K/sec for usual products of detonation 
at the detonation temperature of gaseous 
explosives. 


Thermal Current at the Wave Front in 
Granular Explosives 


Consider now granular and cast explosives 
where, as shown in Chapter 6, the reactions 
obey the Eyring surface-erosion mechanism 
in which the heat of reaction is not conducted 
into the solid but remains in the products of 
detonation. This reaction mechanism is such, 
therefore, as discussed in Chapter 4, as to 
ensure that the temperature at any point 
in the reaction zone will be almost inde- 
pendent of the fraction of reaction N, since 
it will be given by 

a (Q*N + NC? T)8* z (Q* + СеТ,)в* 


NC, — in*NR C3 — in*R (no 


The only way in which T in the reaction 
zone of solids could be less than Т» would 
be for Q(N) to be lower than Q*(N = 1) 
and for n*, C? and 8* to vary appreciably 
with reaction. Here P^e( Nn*RT/28*) is 
the specific Hugoniot energy at the fraction 
N of completion of the reaction. While one 
apparently has no need of heat conduction 
in & model such as this to provide a T-flat 
and P-flat in the reaction zone, appreciable 
heat conduction is nevertheless easily 
accounted for under any conditions where a 
thermal gradient might develop. Perhaps 
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the only problem one need consider in this 
case is how the surfaces of the particles are 
suddenly brought to the necessary high 
temperature to begin to react while the 
fraction N of reaction is still zero. 

The thermal current w will depend on the 
temperature gradient (аТ /ах); at the shock 
front through Equations (7.2) and (7.3). 
One does not know from direct observations 
the thickness of a shock front, but it has 
been presumed to be the order of only a few 
mean free paths. In the reaction zone of 
solids, therefore, the pressure-rise zone 
should not exceed say 107", perhaps no more 
than 10 * cm. The thermal current for к = 
10? cal/em/°K/sec should therefore be 
more than 4.107 cal/cm?/sec for an explosive 
of Ta = 4000°K. On the other hand, the 
evidence from electrical-conductivity meas- 
urements in solids suggests that at the shock 
front there may be almost as many free 
electrons as gas molecules. Hence the ther- 
mal current forward through the shock front 
could be as large аз 10' cal/cm!/sec. At а 
detonation velocity of 5 mm/ysec and p; = 
1.0, such a thermal current could heat all 
the solid explosive in the layer ahead of the 
shock front to а temperature near the deto- 
nation temperature Т». The presence of 
appreciable free electrons in the shock front 
therefore could easily explain initiation of & 
T-flat reaction zone by conduction. The 
nature of detonation reactions in which high 
electron densities are produced in the 
reaction thus seems to obviate the necessity 
of а P-spike in the reaction zone of condensed 
explosives. Mention is made finally of the 
evidence from the application of the geo- 
metrical model that the T-flat model agrees 
with observed reaction-rate data. 


Thermal Current in Gaseous Detona- 
tions 


Assuming again that the shock pressure- 
rise zone in gases will be only & few mean 
free paths in thickness and taking, for 
example, кт = 10«(Т = 300°K) = 2:107* 
са] /ст/°К/зес in 2Hz-O, at р = 1 atm 
(or p» = 10 * g/cc), the P-rise zone would 
be almost 107° ст thick, the temperature 


Google 


165 


gradient in the shock front would then be at 
least 10° °K/cm, and w would be at least 
2-10* cal/cm?/sec. The free electrons in the 
wave front would not in this case contribute 
an appreciable part of the thermal conduc- 
tivity because they are present, even at the 
maximum level, at only about 10'* elec- 
trons/cc at p — 1 atm. For example, the 
тй, product at the maximum electrical 
conductivity of the curves of Bennett and 
Wedaa is about 10” electrons/cm'/sec and 
0, at р, = 1 atm about 10° cm/sec. Now in 
gases the thermal current will be absorbed 
uniformly in the unreacted explosive ahead 
of the shock front. A thermal current of 
2-10 cal/cm'/sec could heat the unreacted 
explosive at the wave front of 2H;-O at 
pı = 1 atm to about 2000°K. This is the 
order of magnitude of the heat required 
together with the heat P^p = o, to erase the 
P-spike and provide а P-flat reaction zone. 

The thermal current w will increase in 
gases approximately in proportion to pi, 
because the P-rise zone will decrease as A`’. 
But the heat (H., Figure 4.7) required to 
raise the temperature Т; to Т, will require 
w to increase as pı. Hence one has a com- 
pletely satisfactory mechanism for providing 
the required conduction heat H, of a P-flat 
reaction zone even without free electrons in 
the reaction zone based (1) on the assump- 
tion that the pressure-rise rate in the wave 
front is rapid enough to attain the peak 
pressure in no more than a few, say five, 
mean free paths, and (2) on the conventional 
theory of the thermal current. Incidentally, 
in the P-spike theory the thermal current 
would be about five times greater than in 
the P-flat model, owing to about a five times 
higher density p; and therefore а five times 
lower ^, in the wave front of the P-spike 
model. 

On the other hand, if the pressure-rise 
zone in the wave front were as much as 5);, 
it is clear that w is just barely enough to 
provide for the necessary thermal conduc- 
tion to maintain the P-flat. As already 
mentioned, Kistiakowsky and Kydd ob- 
served no spike in detonating gases at 
pi = 1 atm, but at very low pressures (0.1 
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atm and less) their traces showed evidence 
for a density spike much lower, however, 
than the spike required by the detonation 
model without heat conduction. Their posi- 
tive spike measurements, therefore, required 
some heat conduction. Presumably at the 
critical pressure p; for propagation of deto- 
nation w may become critical, through heat 
loss by radiation, conduction to the walls 
of the tube,-etc. This would cause a spike 
to begin to develop as р, approaches the 
critical pressure for detonation to propagate. 

The breaking of detonation into the 
Spinning detonation when conditions are 
critical for detonation to propagate may also 
be associated with an insufficient thermal 
current w for normal axial propagation of 
the shock. The results of electrical conduc- 
tivity induced in inert solids by shocks 
indicate that appreciable concentrations of 
free electrons are formed at solid surfaces 
by hot gas bombardment. Hence at the walls 
of the shot tube, there may be enough free 
electrons formed to provide the necessary 
conditions for appreciable thermal conduc- 
tion which the arguments in Chapter 4 
seem to require in detonation. The shock 
front, since it apparently requires, in the 
critical range, these free electrons to con- 
tinue to propagate, will then follow as 
closely as possible the contour of the tube 
where the required free electrons are avail- 
able. 

The above considerations show that the 
thermal current w is sufficient to raise sud- 
denly the temperature of the explosive in 
the layers immediately ahead of the shock 
front to the level near Т, . Hence when this 
explosive itself enters the shock front, it is 
already at the level required by Figure 4.7. 
It is then only necessary that as much heat 
enter the reaction zone by chemical energy 
as leaves it via the thermal current to main- 
tain a stable temperature through the reac- 
tion zone. These conditions are fulfilled by 
definition of a steady-state zone. One thus 
needs only to realize that the shock front is 
steep enough to provide the necessary ther- 
mal conduction to realize that the process 
must proceed by a model involving heat 
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conduction. On the other hand, a more 
detailed description of how T is maintained 
in the reaction zone would be desirable. 
Possibly the initial reaction may produce 
appreciable ions as in the reaction 


A> А+ + A7 


caused by the terrific heat pulse at the wave 
front. The rapid recombinations of such 
ions could be important in the mechanism 
for achieving the reaction shock. 


Whence Free Electrons in Detonation? 


Electron densities of about 10" A elec- 
trons/cc (A is the density) present an inter- 
esting theoretical problem. Incidentally, 
the formula n, = 10" A agrees not only with 
the results of Bennett and Wedaa for 2H.-O 
but is approximately in agreement with 
average n, results measured for the reaction 
zone of granular explosives. But this seems 
to be merely fortuitous (order of magnitude) 
agreement. Аз seen from previous consider- 
ations, there seems to be an important 
difference between solids and gases regarding 
electron densities. In gases n.(maxi- 
mum)/n = 10 5, and this applies for the 
average й./п ratio in the reaction zone in 
solid explosives. But n,(maximum)/n = 1 
in solid explosives. Consider the 2H;-Oi 
system in which n, = 10“ electrons/cc at а 
pi of 1 atm (p; ~ 20 atm). The reaction 


A—A*-re 
should take place to the extent given in the 
approximate Saha equation by 


log a? = —1/23 RT 
+ 5/2 log T — 6.46 — logp (7.5) 


where Г is the ionization potential, a is the 
degree of dissociation of A into A* + e, 
T is in degrees Kelvin and p in atmospheres. 
At the C-J plane the product is H;O in 
which J = 12.56 e.v., and at the shock front 
the minimum ionization potential (that for 
О») is 12.5 e.v. Hence at Т = 3500°K, the 
approximate Saha equation gives about 
5-10" free electrons/cc in this case, which 
is about 0.5 per cent of the observed concen- 
tration. In the gaseous products of 
C-H-N-O explosives at 10° atm, the 
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approximate Saha equation gives 10" to 
10” electrons/cc which is only about 10° 
the observed concentrations of electrons in 
the detonation reaction zone. 

In solid explosives the bands should be 
relatively narrow, because these solids are 
primarily (hydrogen bonded) molecular 
crystals in which the ionization potential 
(or work potential) should be at least 10 
e.v. Therefore neither for the gas-solid 
interface nor for the gas phase at the end of 
the reaction zone is it possible to explain by 
simple thermal excitation the observed 
concentrations of free electrons in the 
reaction zone. This problem has perplexed 
scientists for many years as also has the 
observed luminosity accompanying ioniza- 
tion. The latter has, however, been explained 
by chemiluminescence, but a correlation of 
luminosity with free electron densities, as in 
the work of Bennett and Wedaa’ and in 
corresponding measurements of luminosities' 
and conductivities‘ induced in inert solids by 
shocks shows that even the conventional 
description of chemiluminescence cannot be 
applied to luminosity in combustion and 
detonation flames. 

Several years ago the author developed 
the pulsating-orbital model of chemical 
bonding (see references in Appendix III). 
While this model was apparently not accept- 
able in its original form, it can now be given 
fundamental quantum mechanical proof. In 
view of the fact that there are a number of 
problems in detonation technology where 
this model seems to provide direct explana- 
tions, the new quantum mechanical develop- 
ment of it is presented in Appendix III. It 
is applied in the following discussion in 
providing an explanation for free electrons 
in detonation and combustion flames. 

It is shown in Appendix III that nuclear 
vibrations give rise to kinetic and potential 
energy bands of just the magnitude required 
to explain bands in solids. The kinetic- 
energy fluctuation magnitude, for example, 
is given by 


Т, = Т + RF, (7.6) 


where 7 is the average kinetic energy, and 
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Т, is the kinetic energy at the phase angle 
ф of a nuclear vibration cycle at which the 
restoring force is F, (positive when the force 
is outward and negative when inward) on 
each of the nuclei of a given bond of length 
В. In a vibrator obeying simple harmonicity, 
F, is given by 


F, = —pd (7.7) 
2,2 


where ц is here the force constant (4w'u'v, 
и’ being the reduced mass) and 6 the (posi- 
tive for outward and negative for inward) 
displacement from the equilibrium position. 
Now molecules do not, in general, obey 
simple harmonicity, but in their vibrational 
ground states (quantum number n, = 0) 
the harmonic oscillator approximation is a 
fairly good one. Therefore in the ground state 
the kinetic-energy band width AT,(maxi- 
mum) is approximately 2р | 4 | R which is 
approximately the observed band width of 
solids. On the other hand, when n, > 1, 
the anharmonic corrections are such, as 
shown in Appendix III, that, instead of 
expanding, the band actually becomes 
narrower as the temperature and ñ, are 
increased. This is because, as Ё increases, 
the force | ЕР... | actually decreases. The 
basis for this conclusion may be seen in a 
careful study of the hydrogen molecule and 
hydrogen molecule ion, as discussed in 
Appendix III. If, on the other hand, for a 
given average bond length R the force 
| Fmax | could be increased impulsively while 
it is still positive, e.g., in a suitable encounter 
with another molecule, oscillations would be 
induced which would expand the band or, 
in other words, increase A7’,(maximum). 
It is only necessary to decrease PF, in its 
negative phase to the value where 
R | Fmax | > Т to free an electron from the 
molecule. 

Let us now, by considering first the Hz-O; 
system, apply these concepts of the influence 
of nuclear pulsations on electron orbitals to 
the problem of collisions between molecules. 
Consider an H: molecule at a phase angle o 
of the vibrator corresponding to a relative 
inward motion of the nuclei, and during this 
phase let us consider a particle of effective 
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translational mass 64 times greater than the 
reduced mass of the Н; molecule approaching 
at average thermal velocity v, along the line 
passing through the two H atoms. This is 
illustrated below using small circles for H 
atoms, a large circle for the colliding particle 
and the smallest ones for the electrons of the 
H atom. The closed curves indicate the or- 
bital motion of the two electrons. Now if this 
is to represent a type of inelastic collision, the 
situation might be somewhat as shown in 
Figure 7.9. 

The arrows illustrate the direction of mo- 
tion of the nuclei and colliding particle at a 
particular instant in the early stage of the 
collision. The circles in planes perpendicular 
to а line passing through the nuclei and con- 
centric with this line represent the electron 
orbits at this instant, these orbits becoming 
smaller owing to the increase in electronic 
kinetic energy as the nuclei approach their 
minimum bond length R(minimum). Now as 
the collision proceeds, the momentum М.У: 
of the colliding molecule relative to the cen- 
ter of mass of the Н» system is transferred 
progressively eventually to increase the force 
of repulsion of the two H atoms beyond the 
maximum value in the normal molecule at 
the nrinimum bond distance. The maximum 
F, (repulsive) will then be greater than in 
the normal molecule by an amount depend- 
ing on the momentum transferred from the 
colliding heavy molecule. As the bond of the 
Н, molecule then moves into its expansion 
stage, it will be arrested in its motion or at 
least experience a greater attractive force at 
а greater distance, developing then at some 
Stage а molecule with а minimum bond dis- 
tance. The maximum F, (repulsive) will 
then be greater than in the normal molecule 
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by an amount depending on the momentum 
transferred from the colliding heavy mole- 
cule. As the bond of the H: molecule then 
moves into its expansion stage, it will be 
arrested in its motion or at least experience 
& greater attractive force at a greater dis- 
tance, developing then at some stage a 
greater force | Fmax | than the normal mole- 
cule suffering no collision. Therefore 7 — 
R | Fmax | at this maximum bond extension 
will be less than in the normal molecule. But 
in the normal H; molecule Т — R | Fasx | is 
about 27/3. It would hence only be neces- 
ary for the virial R | Fmax | at maximum ex- 
tension, or where F, has its maximum nega- 
tive value in collision process, to be about 
three times greater than in the normal mole- 
cule to eject the electron from the atom at 
the point where 7 = R | Fmax |. 

Now let us consider under what conditions 
this would be possible. The vibrational 
energy of H; is about 6,500 cal/mol and the 
maximum momentum (at R.) therefore 
about 8.5-10 * g cm/sec in the molecule in 
its ground state. But at 300°K, the average 
translational momentum of a hydrogen atom 
is only 4.6:10 *, that of а hydrogen mole- 
cule 6.5:107' and that of ап О, molecule 
2.710 * g cm/sec. If it were possible to 
transfer all of the translational momentum 
of the O; molecule into vibrational momen- 
tum in the H; molecule in the above process, 
which it is not, the expanding bond in H: 
would have just about enough initial mo- 
mentum to make T — R |Fmax| zero or 
negative and thus eject an electron of the 
system. On the other hand, such a collision 
could transfer no more than about twice the 
corresponding average thermal momentum 
of H atoms to the Н, bond, namely about 
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Figure 7.9. 
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710 g cm/sec. Therefore, the electron in 
such a collision at room temperature could 
not be ejected but would have its kinetic 
energy T — Е | Fmax | reduced to a minimum 
of about 7/3. (Note that V would also be 
decreased such that little change in total 
energy is involved in such processes even 
though they induce large changes in Т,.) 

At 3500? K, on the other hand, the average 
thermal momentum of an H atom would be 
1.510 * g cm/sec or about twice the mari- 
mum relative momentum of the nuclei in the 
vibrator in its ground state. The О, molecule 
would then have an average thermal mo- 
mentum of about 7-10 ". Hence it would 
only be necessary for a colliding Оз molecule 
to transfer about one-fifth of its total mo- 
mentum to the vibrational state of the H: 
molecule in its ground state, to eject an elec- 
tron from the Н, molecule by this process. 
This would be possible, e.g., if the H atom 
nearest the O; molecule were to stick to the 
Oz molecule, and the other atom to fly off 
impulsively in the dissociation of the Н, 
molecule. Otherwise the momentum transfer 
would involve primarily only the whole 
translational momentum of the Н, molecule 
rather than the relative momentum between 
the H atoms. Actually, chemical reactions 
can be effected by much lower impulse trans- 
fer, e.g., they occur slowly in this system at 
absolute temperatures only about twice room 
temperature. It is, of course, therefore pos- 
sible to form H atoms in such collisions 
without at the same time forming free elec- 
trons, e.g., by approaching in a collision, not 
along the line through the two nuclei but 
along a less favorable direction such as to 
excite translational, rotational, and vibra- 
tional degrees of freedom together in the H; 
molecule. Hence, even at 3500°K, every such 
inelastic, reaction-producing collision need 
not eject a free electron. 

There is another type of collision that 
might free electrons by the above mechanism 
in a gas of temperature much lower than that 
required to produce free electrons thermally. 
Consider, e.g, the possibility of positive 
and negative ions colliding with each other 
at the detonation temperature in contact 
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with a third body M to form a molecule ion 
and a free electron, e.g., 


M + A- + Bt M-AB* + « 


Under conditions where the relative mo- 
mentum of the two colliding particles is large 
enough, and a third body M is present to 
remove heat from the system, the molecule 
AB could begin its existence in a state of 
violent oscillations, perhaps of magnitude 
needed (about three times greater than in 
the ground state under conditions of suffi- 
cient compression) to free an electron in the 
manner indicated. The formation of positive 
and negative ions in the initial thermal pulse 
at the shock discontinuity might then ex- 
plain both & sustained temperature and the 
progressive production of free electrons in 
the reaction zone. 

А solid, on the other hand, cannot acquire 
translational or even rotational energy in & 
collision. Therefore the high-temperature 
(Т:) collisions which are directionally and 
energetically able to excite the bond directly 
to the dissociation level should have a high 
probability of ejecting an electron at the 
same time. For example, the collision, 
whether inelastic or elastic, will generally end 
up in transfering about twice its average ther- 
mal momentum to thesolid, because the inci- 
dent particle must eventually leave the sur- 
face of the solid perhaps with about average 
thermal momentum in a direction opposite 
to that of the incident particle. Pulseting 
electronic orbitals induced by nuclear vibra- 
tions and collisions with vibrational states 
do not require large thermal and vibrational 
energies but simply large thermal and vibra- 
tional momenta; large (nuclear) particles 
may have high momenta relative to elec- 
trons without having high energies. It is the 
conservation of momenta between nuclear 
and electronic states that can produce such 
drastic effects in electronic motions as eject- 
ing electrons from the molecule at tempera- 
tures far below those required to ionize atoms 
and molecules thermally. One realizes, of 
course, that the ejection of an electron is not 
a violation of conservation of energy in a 
process such as this; the energy level of one 
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electron is simply raised to the ejection level 
at the expense of another one which is 
lowered to a correspondingly low level, or at 
the expense of the energy of associated fields, 
1.е., by a corresponding decrease in potential 
energy. 

The nuclear-electronic resonance or pul- 
sating-orbital model is thus able to explain, 
indeed by an essential feature of the model 
itself, the high luminosities and free-electron 
densities in combustion flames and detona- 
tion waves. 


Photographs of Heat Pulse in Composi- 
tion B 


Figure 7.10 provides a striking proof for 
the reality of the precursor shock and heat 
pulses of the type one would expect to be 
associated with the tremendous thermal 
current predicted by Equation (7.3) for a 
solid explosive, namely w = 10" cal/cm’/sec. 
It shows a streak-camera trace of the detona- 
tion of a 5- x 12-cm Composition B charge 
and the shock wave passing through 14 
6-mm-thick glass plates (total thickness 8.4 
cm) in contact with the end of the charge. 
A 0.9 filter was used across the part of the 
camera slit covering the charge and the first 
1.3 cm of the glass. One can see distinctly the 
trace of the shock wave through the glass 
over the part of the trace where no light 
filter was used, namely the last 7.1 cm of the 
glass plate. The velocity of this shock wave 
in glass was constant (5.7 mm/sec). More- 
over, extrapolation of the remaining 1.3 cm 
back to the end of the charge shows that the 
shock wave and the beginning of the lumin- 
ous expansion front, seen moving out at a 
much lower and decaying velocity, are coin- 
cident as one would expect. But one will also 
observe that there was an intensely luminous 
(but relatively shockless) region that ap- 
peared at the end of the charge about 2 usec 
ahead of the shock. It is usually this luminous 
front rather than the actual shock front that 
one observes in a streak photograph of prop- 
agating detonation. 

Incidentally, one will observe in the static 
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Figure 7.10. Streak photographs showing heat 
pulse in Composition B. 


image another Composition B charge (5 x 
10.8 em) on the opposite side of the 8.4-cm- 
thick glass in Figure 7.10a. This charge did 
not detonate or show any signs of explosion 
through the 8.4-cm-thick glass plate. In the 
second example (Figure 7.10b) in which 
again the heat pulse is evident, however, the 
receptor charge on the opposite side of the 
(this timea 7.7-cm) platestarted outina low- 
order explosion after a delay of about 10 
изес from the instant of arrival of the shock 
wave at the receptor charge. The explosion, 
however, decayed rapidly in the receptor 
without ever developing high-order detona- 
tion. 
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CHAPTER 8 


INITIATION OF EXPLOSIVE DEFLAGRATION AND DETONATION 


The initiation of detonation is fundamen- 
tally a heat-balance problem. The heat- 
balance equation, although generally very 
complex [Equation (2.11)], may for sim- 
plicity be written in the form 


F+@G=<H (8.1) 


where F accounts for heat loss, G for the 
accumulation of heat in the explosive, and 
H for the chemical energy generated by the 
decomposition of the explosive. Now H in- 
creases in an exponential manner with tem- 
perature, but F increases, in general, at a 
much lower rate. The thermal conduction 
part of F, for example, generally follows 
approximately Newton's law in which the 
heat loss is proportional to the thermal 
gradient. Radiation follows the familiar 
Stefan-Boltzmann T* law; it is usually а 
much slower rate of increase with tempera- 
ture than the exponential reaction-rate, 
particularly if, as in explosives, the heat of 
activation is quite large, ie. 25 to 50 
kcal/mol. Hence, as the temperature in- 
creases, G becomes more and more impor- 
tant. But an increase in G causes further in- 
crease in H, and the reaction thus tends to 
accelerate in all explosives by virtue of their 
exothermicity. This factor is fundamental 
in all explosions, irrespective of the mode of 
initiation. 

As а further result of their exothermic 
nature and their generation of gaseous prod- 
ucts, explosive decompositions create pres- 
sure gradients the magnitude of which de- 
pends, of course, on the reaction rate. 
When sufficiently large, these pressure gra- 
dients can produce propagating pressure 
pulses and eventually, for still higher reac- 
tion rates, intense shock waves. Shock waves 
remove energy from the region of reaction 
and convey it away at the velocity of sound. 
They tend, however, to decay rapidly unless 


continually reinforced. Detonation occurs 
when temperatures in the shock wave be- 
come so high that an appreciable portion of 
the heat of reaction is released in the shock 
wave itself before the shock is eaten away 
by the rarefactions which follow. Since the re- 
action rate is, in general, proportional to the 
absolute reaction rate constant k,(T), any 
shock of appreciable intensity causes reac- 
tion to occur. It is, however, only those 
shocks in which the temperature is high 
enough to decompose an appreciable fraction 
of the explosive within a few millimeters of 
the shock front that can become detonation 
shocks. Thus the low-order wave seen in the 
TNT charge on the left-hand side of Figure 
3.13 may not be a true detonation shock, 
even though some—perhaps considerable— 
chemical reaction occurs in it. Such a shock 
may either die out completely or suddenly 
become a true detonation shock as its in- 
tensity grows by one or a series of pressure 
surges, eventually, or quite suddenly, ini- 
tiating stable detonation. 

Knowledge of the conditions for initiation 
of detonation is, of course, of great practical 
importance both from the viewpoint of 
causing detonation to occur when it is 
wanted, and also to prevent it from occurring 
when it is not wanted, e.g., during manu- 
facture, storage, shipment, and handling in 
preparation for use. This problem has re- 
ceived a great deal of consideration, and 
many methods have been designed for its 
study. These include, among others, tests of 
sensitivity to impact, friction, heat, spark, 
and other forms of electrical discharge, 
boosters of various types, sympathetic 
detonation through condensed media and 
air, shock and heat sensitivity as a function 
of impurity content, grit, etc. While each 
of these sensitivity tests usually has a specific 
application in explosives technology, such as 
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coping with specific hazards in the applica- 
tions of the explosive, or simply in providing 
relative sensitivity data, until recently, 
fundamental methods of analysis were sel- 
dom employed to obtain information on the 
kinetics and absolute rates of reaction by the 
use of sensitivity data. Since all of these 
measures of explosive sensitivity involve in 
one way or another the heat-balance equa- 
tion, Equation (8.1), and fundamental reac- 
tion kinetics (the term H), it would seem to 
be worthwhile to devise sensitivity meas- 
urements to obtain data that can be handled 
most readily by such fundamental methods 
as are available, and to express sensitivity in 
terms of the parameters of these euqations. 

There are two cases where Equation (8.1) 
or Equation (2.11) becomes readily tract- 
able, namely (1) the isothermal case (G = 
0) 


Н = 0К']=-ф!х\ЗТ = Е (8.2) 
and (2) the adiabatic case (F = 0) 
Н = Qk'f = CdT/dt = G (8.3) 


Case (1) provides directly the order function 
f and the specific rate constant k, from the 
direct analysis of isothermal-decomposition 
measurements. It is actually unnecessary in 
this method to know the detailed properties 
of F. The macroscopic function F is es- 
tablished by the direct rate of decomposition 
measurements at constant temperature. 
Case (2) is more complex, but it too pro- 
vides, although in a less direct way, k,(T) 
when one has established the parameters of 
the integral of Equation (8.3). From the 
equations 


(8.4) 


k' = ЕТ carter 
h 


and 
AF! = AH! — Tas? 


(8.5) 
one may write Equation (8.3) as follows: 
КРЕ. зыл. f cantur dT 

Qkf т. Т 


to 
x (8.6) 
-— an u ez ar) e ast / 
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where х = АН*/ВТ. This integral is thus 


Che-^8t!R 
99 | Rr. 


АН (1 1 1f/aH\3/1 1 
+ s я г) HED) (в-т) са 
1 [АН!\г (1 1 
(к) i) 

If now ¢ — t, is taken to be the (adiabatic) 
ignition time r, Equation (8.7) is an exact 
expression for it, useful in the case that one 
can define the exact temperature Т = Т; at 
which ignition may be considered actually 
to take place, subject only to the (usually 
reliable) assumptions that f, ASt, and AH! 
are effectively not temperature dependent 
in the interval ¢ — t, between Т and Т, and 
that the decomposition is strictly adiabatic. 
One cannot, in general, measure T'; because, 
owing to the rapid rate of increase of Т in 
the (perhaps extremely short) interval just 
prior to ignition, one loses track of the tem- 
perature. One might, however, make a semi- 
theoretical estimate of Т; , e.g., by assuming 
it to be the explosion temperature 7; defined 
by Т, = (Q/C.) + T, . There is an alternate 
approximate method of obtaining т in 
elosed form from Equation (8.6). This makes 
use of the idea that, if the reaction were to 
continue to accelerate following the same 
general law as the preignition reaction, after 
a time { — t, at which the temperature T" 
is only say a few hundred degrees above Т, 
the reaction rate would then be so high that 
temperature would become effectively in- 
finite via the "infinity catastrophe" in a 
negligible time thereafter. This idea, of 
course, ignores the fact that T' is eventually 
restricted by the thermochemistry of the 
reaction, but, as far as the application of this 
idealized concept is concerned, this would be 
of no direct concern. Moreover, since T ~ 
T, over most of the induction period r, one 
may consider 2 ' to be sufficiently invariant 
relative to е“ that it may be taken from un- 
der the integral sign. Thus: 


AH! 


4—1. = — 
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T=- сс ig ez? dz 
E Chess (Ey {eantinr, — eantinr,} (8.8) 
287 Che-astir ЕТ, e^H$IRT 
а АН! ; 
Hence 
logo т = A/T. + B (8.9) 
where 
А = AH!/4.567 (8.10) 
and 
В = logi (Che~43#/®RT,/Qk{AH*) (8.11) 


Equation (8.9) has long been recognized as 
the appropriate expression relating the ex- 
plosion time lag to the initial temperature in 
(adiabatic) thermal explosions. Recently the 
British and Australian investigators men- 
tioned in Chapter 2 have shown that it 
applies also to impact sensitivity in which ex- 
plosion follows at a time г given by Equa- 
tion (8.9) after the creation of a hot spot of 
temperature Т,. As a matter of fact, since 
То may be made some relatively high tem- 
perature, say 500 to 800°K by creation of 
hot spots by sufficiently intense impact, 
adiabatic conditions apply in impact initia- 
tion even more accurately than in any or- 
dinary thermal explosion test. Moreover, 
the sample is brought suddenly to То in im- 
pact, whereas in ordinary heating to some 
usually much lower initial temperature, one 
encounters serious transient conditions in 
which the adiabatic law may not apply. 
Hence, it would seem that the theory of 
adiabatic ignition would be most accurately 
obeyed in impact sensitivity. 


Isothermal Decomposition 


It is difficult to maintain isothermal con- 
ditions in such strongly exothermic reactions 
as are involved in the thermal decomposition 
of explosives owing to their tendency for 
self-heating. One is also concerned in the 
isothermal-decomposition method with the 
elimination (or minimization) of temperature 
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transients in bringing the sample to the pre- 
determined temperature of the experiment. 
The existence of temperature transients of 
any sort, of course, diminishes the relia- 
bility of the rate constants determined by 
this method. In most of the recent studies, 
such as those of Robertson" and Yoffe,” 
either the glass apparatus, the oven appara- 
tus, or similar methods were used. In the 
glass apparatus the explosive sample is 
placed in a small glass spoon and rotated on 
a horizontal ground joint so that the sample 
may be dropped into а pyrex bulb heated in 
a bath at the desired temperature. In this 
method the beginning transient is minimized 
by the use of a relatively small sample com- 
pared with the apparatus as а whole. In the 
oven apparatus the explosive sample, sup- 
ported on a very thin mica slide, is suddenly 
enclosed between two horizontal copper 
plates of known distance apart. The tem- 
perature is measured by means of a thermo- 
couple hard-soldered to the face of each 
plate. Such methods may be operated at 
reduced pressures in controlled atmospheres 
with facilities for collecting and analyzing the 
gases generated in decomposition. The reac- 
tions are generally run at temperatures high 
enough to allow completion of the reaction 
in а period ranging from а few seconds to 
several minutes. One measures the reaction 
rate in these methods by the rate of pres- 
sure rise. 

The sensitive quartz  spring-balance 
method of Cook and Abegg^" ^ F**!5 has 
the advantage that it minimizes self-heating 
by allowing measurements to be made at 
much lower temperatures. Samples may be 
held at a given temperature for hours in this 
method. However, it is restricted as far as 
decomposition-rate determinations are con- 
cerned to explosives in which weight loss is 
the result solely of decomposition and not 
mere vaporization or both vaporization and 
decomposition. It could not be used, for 
example, with TNT, because, at the tem- 
peratures at which it could be applied, 
vaporization and decomposition went on 
simultaneously at comparable rates. А 
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Figure 8.1а. Schematic diagram of quartz spring apparatus. 


method resembling closely the glass method 
was thus used by Cook and Abegg for TNT. 
The quartz spring apparatus is shown in 
Figure 8.1. In measurements made with 
several explosives, three types of log weight 
(log w) versus time (f) curves were observed. 
These three types are represented by Figures 
8.2, 8.3, and 8.4 by results with AN, EDNA, 
and PETN. AN exhibited (ideal) first-order 
decomposition over the entire range even 
until practically no solid AN remained. 
Similar results were found for hydrazine 
mononitrate and TNT, although slight 
autocatalysis eventually developed in TNT 
after considerable decomposition had taken 
place. EDNA followed the first-order de- 
composition law only until about 5 per cent of 
the explosive had decomposed. The term 
*autostabilization" is applied here on the 
supposition that one of the (condensed) de- 
composition products of EDNA which ac- 
cumulated in the explosive apparently 
tended to stabilize the explosive and slow 
down the decomposition. After about 10 per 
cent of the explosive had decomposed, how- 
ever, autocatalysis developed. No other ex- 
plosives have yet been observed to exhibit 
the autostabilization effect. 
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While one would hope to avoid the usual 
autocatalysis at least in the early stages of 
decomposition by observing decomposition 
at a minimum possible temperature in order 
to obtain the intrinsic first-order decomposi- 
tion, this turned out to be impossible for 
PETN even at the low temperatures possible 
in the quartz spring method. Instead, only 
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Figure 8.2. First-order isothermal decomposition curves for AN. 


an autocatalysis was observed over the en- 
tire range for PETN. Tetryl and RDX fol- 
lowed the same type of decomposition law as 
PETN, i.e., only autocatalytic decomposi- 
tion occurred even at the low temperatures 
afforded by the quartz spring method. By 
using а mirror technique to measure the 
initial slope of the log w versus ¢ curve, 
however, an attempt was made to determine 
the zero time rate, and the results were 
treated as though this zero time rate followed 
the first-order law. The log k'(T) versus 1/T 
curves obtained for AN, hydrazine mono- 
nitrate, EDNA, tetryl, and PETN (using 





во 100 qo мо wo во 200 
ТИЕ (min) 


Figure 8.3. First-order followed by autostabil- 
ized isothermal decomposition in EDNA. 
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extrapolated values only for the latter two) 
are shown in Figure 8.5. 

The (first-order) isothermal decomposition 
rate constant of explosives has generally been 
expressed by the equation 


k'(T) = Ae^^E!RT (8.12) 


where А and AZ are the Arrhenius constants. 
In the absolute-reaction-rate form this is, 
however, written 


k'(T) = A'Te-aBtiRT (8.13) 


The difference between Equations (8.12) and 
(8.13) cannot usually be distinguished over 
the temperature range of experimental 
measurements. However, in the application 
discussed in Chapter 6, namely that of relat- 
ing of k,(T) from theoretical analyses of 
D(d) curves through the equation т = 
т,/АК, (Т) to k'(T) from isothermal decom- 
position, the form one chooses for k’(T) 
makes a difference sometimes of a factor of 
about 10. The excellent correlation of Chap- 
ter 6 was made by means of Equation (8.13); 
if Equation (8.12) had been used, k’(7'2)/k, 
would have been roughly 0.1 for the geo- 
metrical model instead of 1.0, 0.01 instead 
of 0.1 for the nozzle theory, and 0.004 in- 
stead of 0.04 for the curved-front theory. 
The values of А, A’, and AH! (ог AE) de- 
termined by isothermal decomposition meth- 
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Figure 8.4. Autocatalyzed isothermal decomposition in PETN. 


ods are listed in Table 8.1 for some of the 
more important explosives. The isothermal 
method for such explosives as NG, RDX, 
PETN, and tetryl is complicated by auto- 
catalysis to such an extent that one cannot 
determine the intrinsic (pure explosive) 
decomposition rate from the log w versus t 
сигуез and their change with temperature. 
Hence, the results obtained by the adiabatic 
(sensitivity) methods may be more reliable 
from this viewpoint. In EDNA the initial 
decomposition gave А and AH! values 
(А = 10" sec’, AH? = 30.8 kcal/mol) 
quite different from the autocatalyzed values 
(A = 10** sec ДН? = 71.7 kcal/mol), 
although the actual rate of decomposition 
was not much different in the autocatalyzed 
region than in the first-order region. This is 
because the autocatalyzed region is not a 
first-order one, but instead one in which the 
slope of the log w versus ¢ curve is not con- 
stant. The same situation applies in NG, 
RDX, tetryl, and PETN. 

In those explosives where true first-order 
decomposition occurred, the A factor was 
found by the quartz spring method to be 
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between about 0.7-and 0.1-k7/h. If one 
assumes that this will be true in other ex- 
plosives such as NG, RDX, PETN, and 
tetryl, one may compute АН* for these 
explosives from the zero-time-rate data and 
an assumed average entropy of activation. 
The results obtained by this suggestion, 
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Figure 8.5. Log К'(Т) versus 1/T results for 
initial first-order decomposition. 
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TABLE 8.1. Spectric RATE CONSTANTS FOR ASSUMED FIRST-ORDER DECOMPOSITION IN THE ISOTHERMAL 
DEcoMPosiTION OF SEVERAL EXPLOSIVES 


Teip, Range 


Explosive log A log A’ AH: kcal/mol C) Reference 
TNT 11.4 34.4 275-310 11 
TNT 25.0 140-180 12 
TNT 27.0 16 
TNT 14.0 370-450 21 
TNT 12.2 9.5 43.4 237-277 Ch. 2, Ref. 16 
AN 13.8 40.5 243-361 11 
AN 12.3 9.6 38.3 217-267 Ch. 2, Ref. 16 
EDNA (liq.) 12.8 30.5 184-254 10 
EDNA (initial) 11.1 8.5 30.8 194-164 Ch. 2, Ref. 16 
EDNA (autocat.) 31.5 28.9 71.7 144-164 Ch. 2, Ref. 16 
Tetryl 15.4 38.4 211-260 9 
Tetryl 27.5 60.0 17 
Tetryl 39.0 115-120 3 
Tetrylt 12.9 10.3 34.9 132-164 Ch. 2, Ref. 16 
Hydrazine mononitrate 12.2 9.5 38.1 189-220 Ch. 2, Ref. 16 
PETN (autocat.) 19.8 47.0 161-233 13 
РЕТМ{ (autocat.) 15.2 12.6 38.6 137-157 Ch. 2, Ref. 16 
PETN (autocat.) 23.1 20.5 52.3 137-157 Ch. 2, Ref. 16 
RDX (autocat.) 18.5 47.5 213-299 9 
RDXt 15.46 41.0 14 
Nitroglycerine (autocat.) 17.3 41.4 90-135 15 
Nitroglycerine (autocat.) 19.2 45.0 125-150 16 
Lead azide 47.6 5 
Lead azide 38.8 5 
Mercury fulminate 11.05 25.4 20 


f Extrapolated to the zero-time decomposition rate. 


1 In dicyclohexyl phthalate. 


using as an average value AS! = —3.2 ем. 
(found for TNT), were as follows: 
Explosive АН! (calculated)t 
NG 31.0 kcal/mol 
PETN 31.7 kcal/mol 
RDX 33.3 kcal/mol 
Tetryl 33.3 kcal/mol 


+ Assuming A’ = (k/h)e^5t/8 and AS! = —32 e.u. 


These interesting results indicate that the 
true (uncatalyzed) activation energy for the 
decomposition of NG, RDX, TNT, PETN, 
EDNA, and perhaps other similar C-H- 
N-O explosives may be essentially the same. 
These results are actually consistent with 
results found by analyzing the D(d) curves 
by the geometrical model, and, as shown be- 
low, from results of adiabatic decomposition 
in impact sensitivity. This would indicate 
that the rate-determining step may involve 
rupture of the same type of chemical bonds 
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in all such explosives, which seems to be a 
reasonable conclusion. 


Adiabatic Decomposition 


Bowden and co-workers; Rideal and 
Robertson; Copp, Napier, Nash, Powell, 
Skelly, Ubbelohde, Woodhead, Yoffe, and 
others (see references in Chapter 2) have 
made outstanding contributions to our 
knowledge of the sensitiveness of explosives. 
Their prima-facie evidence is that all types of 
sensitivity measurements may be under- 
Stood in terms of thermal decomposition 
and laws of the adiabatic decomposition. 
Moreover, they have developed А and B data 
for Equation (8.9) that may be related di- 
rectly to the A’ and AH data of Equation 
(8.13). In addition, their detailed considera- 
tions are of great practical importance in un- 
derstanding and coping with explosion haz- 
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ards. It seems clear from their studies that 
the sensitivity problem is contained wholly 
within the framework of the heat-balance 
equations, Equation (8.1) [ог (2.11)]. Credit 
must thus go to these investigators for 
bringing the entire problem of sensitivity of 
explosives to the present quite satisfactory 
state of understanding. However, the funda- 
mental principles of thermal explosion 
(or autoignition) were developed and applied 
earlier, e.g., by van’t Hoff," Зетепой, 
Garner, Frank-Kamenetskii,’ Belyaev,' 
Rice,’ and others. 

Impact sensitivity is not an easily repro- 
ducible quantity. Even the relative sensitiv- 
ity may differ considerably from one impact 
test to another, and it depends on the phys- 
ical state and size of the sample used. More- 
over, the very method of expressing results 
may influence the relative impact sensitivity 
assigned to different explosives. From the 
practical viewpoint the relative impact 
sensitivity is a useful quantity in deciding 
how carefully a given explosive must be 
handled. The impact test must be carefully 
standardized as to weight and nature of 
sample, nature of the pins, the fall hammer, 
etc. Then one selects a suitable standard, 
e.g., TNT, picric acid, or tetryl, and deter- 
mines the curve of per cent detonations 
versus fall-hammer potential energy (mgh). 
Relative sensitivity may then be based on 
the potential energy (mgh) for the 50 per 
cent detonation, 50 per cent failure point 
obtained from this curve, or, as in the work 
of Copp et al^" * *-!" one may set up 
some other useful system of expressing the 
results that tends to integrate or smooth 
out experimental errors. For instance, Copp 
et al. determined a “figure of insensitive- 
ness" (F.I.) which they defined as the rela- 
tive area under the per cent detonations 
versus fall-height (constant hammer mass) 
curve based on picric acid as the standard. 
Thus 


F.I. = A/A, 


where A is the area under the curve for a 
test explosive and A, that for the standard 
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explosive (picric acid). These investigators 
used а method for determining the amount 
of gas generated in the impact in order to dis- 
tinguish unambiguously between detona- 
tion and failure. They, as well as Bowden 
and Gurtonf* 2: ^! also studied the im- 
pact sensitization by grit particles of various 
types in amounts up to about 1.0 per cent 
and different particle sizes. They expressed 
sensitization by grit by the quantities desig- 
nated P.S.G. {= 1001 — A(mixture)/A 
(pure explosive)]] based on gas evolution, 
each cap giving а quantity of gas greater 
than experimental error being called an 
ignition whether detonation occurred or 
not; and P.I.G. { = 100[1 — A(mixture)/A 
(pure explosive)]] where the A's were deter- 
mined from curves based on complete det- 
onation or failure, a partial explosion being 
called a failure. The difference between 
P.S.G. and P.I.G. is of some technical im- 
portance and thus serves to refine the sensi- 
tivity test, because it is important to know 
whether partial or complete detonation 
(more correctly explosion) occurs in а given 
impact. Some results obtained by these 
investigators in & standard grit test em- 
ploying —100+200 mesh silicon carbide are 
summarized in Table 8.2. 

The impact sensitization by grit particles 


TABLE 8.2. RELATIVE SENsiTIVITY BASED ON 
Copp et al.'s FIGURE oF INSENSITIVENESS 


of 


Explosive F.I. (pute ро: паа © 5 
ticles/cap HG a 
TNT 120 60 69 
RDX/wax 100 60 57 
Picric acid 100 60 67 
RDX 64 60 60 | 61 
PETN 38 60 68 | 68 
Tetryl 72 12 23 | 48 
RDX 64 12 49 | 52 
PETN 38 12 64 | 66 
EDNA 50 (Ref. 9) 
HMX 50 (Ref. 9) 
Mercury ful- 10 
minate 

Lead styphnate | 21.5 
Lead azide 19.2 
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was shown by Bowden and Gurton to be a 
melting-point effect. If the melting point 
was higher than a critical value near 400°C 
for low-melting explosives (or higher for 
high-melting ones), it sensitized the explo- 
sive as regards impact sensitivity. But if it 
was lower than this, no sensitization re- 
sulted. This is explained in the hot-spot 
concept somewhat as follows: 

Impact produces hot spots, the tempera- 
tures of which are (frequently) determined 
by melting of the solid, being effectively 
buffered at the melting point. Hence the 
melting point frequently determines T, in 
the adiabatic-decomposition equation, Equa- 
tion (8.8). If Т, is below a certain critical 
value, the reaction will not be adiabatic 
and, owing to heat loss, may not undergo 
reaction build-up. But above this critical 
value it becomes effectively adiabatic, and 
explosion then always results after a time r. 
The failure of grit to sensitize an explosive 
may, however, depend simply on the ratio 
of the melting point of the explosive to that 
of the grit particle. If this ratio is greater 
than 1.0, no sensitization by the grit particle 
results, but if it is less than 1.0, the grit 
particle effectively sensitizes the explosive 
because it allows the formation of hot spots 
of higher temperature than those created in 
the pure explosive. 

In PETN, RDX, and similar explosives 
the melting point is lower than the critical 
То, and the melting point of the pure ex- 
plosive thus does not come into considera- 
tion in determining the hot-spot temperature 
and thus the impact sensitivity. Instead, it 
is probably adiabatic compression of air 
pockets entrapped in the molten material in 
such explosives that then determines their 
hot spots and thus initiation. However, in 
the primary explosives mercury fulminate, 
lead azide, lead styphnate, etc., the melting 
point is usually above this critical tempera- 
ture, and T, is then the temperature deter- 
mined by melting of the explosive itself, 
buffering the temperature of the hot spot; 
ie. Т, is then the melting temperature of 
the explosive. Then only grit particles of 


Google 


THE SCIENCE OF HIGH EXPLOSIVES 


melting point higher than that of the ex- 
plosive can initiate higher-temperature hot 
spots and thus increase the sensitivity of the 
explosive. 

Bowden and Gurton found that RDX, 
PETN, and tetrazene were sensitized only 
by grit particles of melting point above 
400°С. But lead azide required grit particles 
of melting point greater than about 500°С 
to increase its sensitivity to impact. The 
corresponding threshold melting tempera- 
ture for sensitization by grit particles was 
apparently about 550?C for lead styphnate 
and mercury fulminate. These results may 
thus indicate melting points of around 500°С 
for lead azide and 550?C for mercury ful- 
minate and lead styphnate. 

That the hot-spot temperature may be 
effectively the melting point in some pri- 
mary explosives is seen also by the fact that, 
except from quite large impact energies 
which may create hot spots of temperatures 
somewhat higher than the melting point, 
the time lag 7 for impact initiation is sur- 
prisingly independent of the potential 
energy mgh of the fall hammer. This is 
shown by the data in Table 8.3, taken from 
Collins and Cook”? ^^? The data in 
Table 8.3 indicate that below about 4 joules 
impact energy, 7 does not depend on the 
impact energy in the three explosives shown. 
For the enthalpies of activation AH? given 
below, these results indicate that the hot 
spots occur in а relatively narrow tempera- 
ture range near the above-indicated melting 
points, and tend to only slightly higher tem- 
peratures (lower 7) with increasing impact 
energy. 

Results of time-lag and flame-propaga- 
tion-velocity measurements obtained by 
Collins and Cook, Rideal and Robertson, 
and by Bowden and Gurton for RDX, 
PETN, and tetryl are summarized in Table 
8.4. The results in Table 8.4 indicate also 
only а small decrease in ignition time lag 
for relatively large differences in impact 
energy for RDX and PETN. Moreover, 
from Equation (8.8) one computes relatively 
small differences of T, with impact energy 
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TABLE 8.3. Time LAG IN Impact INITIATION OF 
PRIMARY EXPLOSIVES 


Energy of Number of Average delay r 
ct (7 drops (usec) 


impact (joules) Range in т (usec) 


Mercury fulminate 


6.34 20 45 22-102 
4.85 16 38 24-104 
3.40 20 85 24-177 
1.94 23 112 40-300 
1.29 24 114 50-350 
0.47 17 196 50-630 
0.20 28 97 40-200 
Lead azide 
6.34 20 106 40-295 
4.85 20 164 40-380 
3.40 20 296 91-450 
1.94 20 318 50-620 
0.98 20 197 40-810 
0.47 13 114 40-300 
Lead styphnate 
6.34 20 133 60-200 
4.80 20 193 80-990 
3.40 19 191 70-420 
Diazodinitrophenol 
6.34 20 277 80-235 
4.85 20 361 80-620 
3.40 20 425 180-1,335 
1.94 20 494 240-680 
0.98 20 274 100-620 


for the secondary as well as primary ех- 
plosives indicating an effectively buffered 
hot-spot temperature in these explosives 
also. 

Copp et a] - *: 8 "7 showed that PETN 
and RDX decompose according to the first- 
order decomposition law 


k'(T) = —In(1 — a)/t (8.14) 


(where a is here the fraction decomposed in 
time t) in hot spots during the small (10 * 
sec) interval of impact following the equa- 


tions 
k'(T) = 108 ezp (—34,500/RT) for RDX 
k'(T) = 10 exp (—28,400/R T) for PETN 


These results are in surprisingly close agree- 
ment with those given above for isothermal 
decomposition of RDX and PETN assum- 
ing А’ = е ?""k/h with AS! = —32 eu. 
and thus tend to confirm the suggestion that 
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АН? = 30-33 kcal and A’ ~ (14)kT/h for 
thermal decomposition of these and similar 
C-H-N-O explosives. 

Many measurements of initiation time lag 
have, of course, been made under conditions 
where Equations (8.8) and (8.9) should hold 
approximately, and in which one knows Т, 
more directly than in the impact or hot-spot 
method. For instance, Ubbelohde™ *: Pet. 17 
showed that log 7 versus 1/T' was a straight 
line for "service" and “аехігіп” lead azide 
in an experiment in which a detonator tube 
was suddenly plunged into a molten metal. 
Others have used similar methods. Indeed, it 
was from methods of this type in which the 
initial temperature T, was governed by a 


TABLE 8.4. Impact-INITIATION TIME LAG AND 
FLAME VELOCITY 


Time lag (т) 





























Sample | Impact $ 
Explosive | weight,| energy | © E. 
(mg) '| (Goules) | „$ у 201 $14 
B à e [о [о 
PETN 25 6.3 | 45 280) 122) 300] 2 | 16 
RDX 25 6.3 | 60| 165| 119 2 | 16 
RDX 25 |11.6 | 40| 175| 109| 225| 2 | 16 
PETN 50 | 23.0 | 160) 270, 230 8| 9 
PETN 50 127.3 | 100) 320| 220| 510] 8 | 9 
PETN 25 | 23.0 | 190| 360] 240 819 
РЕТМ 10 | 23.0 | 130] 550| 230 8| 9 
PETN 25 | 13.3 | 250, 520| 390 8| 9 
PETN 10 | 13.3 | 250] 520| 380 8| 9 
RDX 50 | 23.0 | 250| 310, 260 8| 9 
RDX 25 | 23.0 | 250) 410] 340 8| 9 
RDX 25 | 13.3 | 330| 530] 450 8| 9 
Tetryl 50 | 23.0 | 190] 480) 350 819 
Tetryl 35 | 23.0 | 311| 330] 320 8| 9 
PETN 
Spread in ring | 10.95] 92) 143] 131 2| 1 
Spread in ring} 8.05} 60| 79|] 65 2| 1 
Continuous 8.05| 59| 79| 65 2 
layer 
Continuous 4.4 | 78| 137| 104 2) 1 
layer 
With glass 4.4 | 78| 139] 106 2| 1 
particles 
With carbo- 4.4 | 71 113) 90 2. 1 
rundum 
With lead 4.4 | 66| 140] 109 Zia 
chloride 


tV = average velocity of shock-wave (ог 
flame) propagation across pin surface following 
ignition. 
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TABLE 8.5. PARAMETERS OF ADIABATIC-DECOM- 
POSITION EQUATION FOR VARIOUS EXPLOSIVES 
AS DETERMINED BY IMPACT SENSITIVITY 








Explosives — Ate B (Eq. 8.9) 
Mercury fulminate| 25.3 —10.76 
Lead azide 41.3 —13.97 
Lead styphnate 61.6 —21.97 
PETN 28.4 10% 

RDX 34.5 1010} 





f From hot-spot temperature of about 700°C. 
Note that k/h = 2.100. 


molten metal, oil, or other type of bath 
that Equation (8.9) was first established as 
an empirical law for the thermal initiation of 
explosives. Table 8.5 summarizes the data 
given by Copp её al. for three primary ex- 
plosives obtained in this way, together with 
PETN and RDX obtained by the direct 
observation of rate of decomposition in 
hot spots. 

Bowden, Yoffe, et al.°™ Rets. ! 57 found 
that the sensitivity of NG increased mark- 
edly by entrapping air bubbles in the liquid 
explosive. For example, Yoffe showed that 
NG spread in a ring such as to trap an air 
bubble exploded on impact at an energy of 
0.3 to 0.5 joules at atmospheric pressure, but 
failed at about 0.7 joules at 25 atm Ne and 
35 atm air. This effect was shown to be the 
result of adiabatic compression of the air 
bubble the temperature of which follows the 
equation 


T Тууру (8.15) 


The entrapped air bubble thus serves as 
source of a hot spot. Yoffe also showed that 
the sènsitivity of PETN is influenced mark- 
edly by adiabatic compression of entrapped 
air. This solid melts at relatively low tem- 
perature, and then probably acts essentially 
like liquid NG toward entrapped air. As 
mentioned above, this may be an important 
reason why explosives such as PETN, 
tetryl, and RDX are exploded by impact at 
all, because their melting points are so low 
that, if the temperature were buffered in 
impact at the melting point, the initial 
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decomposition rate would be too low to ini- 
tiate detonation owing to an excessive heat 
loss at the low decomposition rate corre- 
sponding to the melting point of these explo- 
sives. Their sensitivity then should depend 
on the effectiveness of impacting condi- 
tions in entrapping air. Tribochemical factors 
should not be important in such explosives 
because they are operative only below the 
melting point. 

The evidence from isothermal and adia- 
batic decomposition studies, as already men- 
tioned, indicates that the activation energy 
AH! may be approximately the same for all 
normal C-H-N-O explosives. Moreover, it 
appears to be the same in the detonation 
reaction itself as in the much lower tempera- 
ture thermal decomposition for these ex- 
plosives. It is therefore of interest to examine 
the extrapolation of k’(T) from T ~ 400 to 
600°К to about 10 times this temperature. 
While this extrapolation is a large one, there 
is no reason to believe that Equation (8.4) 
does not apply rigorously over the whole 
temperature range. If the process actually is 
fundamentally the same in detonation as in 
ordinary thermal decomposition except for 
the restriction in detonation to surface ero- 
sion, this extrapolation should be as perfect 
аз the measured values of AS* and AH? at 
low temperatures. Actually, it takes a large 
error in AH? to affect this extrapolation ap- 
preciably. Suppose, e.g., that the error in 
AH* were 10 kcal/mol; at 5000°K this would 
cause an error of only e or 2.7 ink’, but at 
500°K the error would be е. Any error 
in AS! would remain unchanged in its in- 
fluence on k’ in such an extrapolation. While 
a small error in AH* determined at detona- 
tion temperatures would be greatly multi- 
plied in k’ in a reverse extrapolation (from 
high temperatures to low), an error in АН? 
determined at low temperature would be 
greatly diminished in its effect on / in this 
extrapolation (from low to high tempera- 
tures). 

While one is justly surprised to find that 
Equation (8.4) holds over the range in tem- 
peratures from а few hundred to а few thou- 
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sand degrees, the surprise is not in the valid- 
ity of the extrapolation by Equation (8.4) 
itself over this range, but in the fact that the 
decomposition mechanism remains un- 
changed over this temperature range. One 
might, however, feel some justification for 
the fact that the mechanism remains funda- 
mentally unchanged, except for the me- 
chanical change from bulk to surface de- 
composition, because in the surface-erosion 
model the temperature gradient is very 
great from the solid surface inward such that 
only the molecular layer directly exposed to 
the gas phase is appreciably heated above 
ambient temperature. But the molecules at 
the surface arrive suddenly at the detona- 
tion temperature 7», or the gas-phase 
temperature. They thushave insufficient time 
to undergo changes or rearrangements of the 
type required to change fundamentally the 
mechanism of reaction. The correlation of 
k'(T) (isothermal and/or adiabatic) with 
k, (detonation) via Equation (8.4) may not, 
therefore, be a fortuitous one but a pre- 
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cision correlation of fundamental nature 
adding great insight into the mechanism of 
detonation of granular explosives. 


Transition from Deflagration to Detona- 
tion in Gaseous Explosives 


A great deal of insight into the formation 
of the detonation wave in gaseous explosives 
may be obtained by examining the streak- 
camera traces of the transition from the 
accelerating deflagration to the stable deto- 
nation. One such photograph is shown in Fig- 
ure 8.6. In this case the stable detonation of 
D = 4,650 m/sec was created 410 usec 
after and 21.8 cm from the point of initia- 
tion by a spark discharge from а lyf 
condenser at 4,400 volts. Simultaneously 
with the formation of the detonation wave, 
a retonation wave was formed which then 
moved back toward the point of initiation 
at a velocity of 1,790 m/sec. 

However, about 58 usec before this nor- 
mal, high-order detonation was created, and 
at a position 10.4 cm from the point of the 
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Figure 8.6. Transition from deflagration to detonation т Hz-O: at H;/O; = 4 (mol ratio) in l-in. 
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spark discharge, a low-order detonation of 
velocity about 1,160 m/sec was formed and 
propagated both forward and in the reverse 
direction. This low-order detonation, more- 
over, was formed in a region already 
traversed about 60 usec earlier by a low- 
intensity flame which may be seen in the 
photograph. The low-order wave, which 
one may perhaps identify as a low-order 
detonation wave by its high velocity relative 
to ordinary explosive deflagration flames, 
may be seen to have accelerated in the for- 
ward direction, but was apparently approxi- 
mately stable in the reverse direction. As 
the low-order detonation approached the 
initial flame front, it accelerated at increased 
rate and intensity, until, at a point about 1 
cm behind the initial flame, its velocity was 
even greater than that of the stable det- 
onation occurring beyond this initial, much 
less intense, flame front. 

Other shock-wave effects originating on 
the opposite side of the viewing window are 
also apparent in this photograph, the spark 
discharge being effected at one end of the 
viewing window in a tube extending con- 
siderable distance on either side. Indeed, the 
secondary shocks that may be seen to pass 
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across the field of view from the right may 
apparently be attributed to exactly the same 
phenomena recorded on the left, namely an 
initial low-order detonation, one branch 
of which propagated back toward and then 
beyond the point of initiation, and the true 
retonation wave from the high-order det- 
onation created to the right of the point of 
flame initiation. This symmetry and the re- 
producibility of formation of the low-order 
and high-order detonations are illustrated 
for the case of the НО. mixture of Н,/0› = 
1.0 at p; = 100 psia in Figure 8.7 in which 
the spark was discharged at the center of the 
viewing window. The time lag between igni- 
tion and the formation of detonation was 
200 usec in this case, but there was scarcely 
more than 1 usec difference between the times 
of the formation of high-order detonation on 
either side of the point of spark discharge. 
The detonation, moreover, formed 4.2 cm 
from the point of initiation on one side and 
4.6 cm on the other. The low-order detona- 
tions apparently occurred in this case about 
1 em on either side of the point of initiation. 
'The light streaks along the time axis in this 
record were due to light emitted on the 
second mirror revolution. Figure 8.8 shows 
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Figure 8.7. Reproducibility of phenomena in transition from deflagration to detonation in 1H;-10. 
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Figure 8.8. Deflagration-to-detonation transition in 4H:-102 at pı = 150 psi. 


more detail concerning the relative positions 
of the various events at the instant of the 
deflagration-to-detonation transition. In this 
case the detonation was formed at the left 
of the viewing window. The initial low-in- 
tensity flame that led the events on the left 
had at this stage itself apparently become 
approximately a low-order detonation be- 
cause its velocity was 1,060 m/sec. Moreover, 
the low-order detonation described in Fig- 
ure 8.6 just about created a detonation 
wave as it approached the flame front just 
at the left edge of the window. But instead, 
something happened to cause it to decay. 
Note however, that it was being followed by 
another pulse that overtook it about 3 cm 
before the point at which high-order detona- 
tion resulted. High-order detonation then 
followed immediately after two rather sharp 
luminosity intensifications (like the “sunlit” 
aurorae) caused by these two colliding waves 
as they merged together and moved rela- 
tively close to (actually about 3.5 cm be- 
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hind) the initial flame front. The initial det- 
onation wave had a velocity of 4,900 
m/sec which was about 1,000 m/sec higher 
than the final velocity obtained after the 
detonation wave had passed on through the 
flame front and settled down to normal veloc- 
ity at about 3 cm beyond this initial flame. 
The great importance of sharp pressure 
gradients resulting from collisions of shock 
waves and other intensification effects in 
causing the deflagration-to-detonation tran- 
sition is strikingly illustrated in Fig. 8.9a. 
Here pins were introduced in such a manner 
as to protrude a short distance into the 2.5- 
cm-diameter column of gas 7.9 cm on either 
side of the point of spark discharge. In Fig- 
ure 8.9a the initial nonluminous flame or 
pressure pulse, upon striking the pins, sud- 
denly became luminous and created lumi- 
nous flames that moved away from these 
pins in both directions at each pin. About 10 
usec later these flames (or low-order detona- 
tions) created high-order detonations (ap- 
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Figure 8.9. Deflagration-to-detonation transitions induced by protruding pins [viewed from center 
of 26-cm window (a) in 1H:-20: at pı = 150 psi, and (b) in 4Н,-10, at pı = 150 psi]. 
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parently four waves in all). In Figure 8.9b, 
on the other hand, high-order detonations 
were apparently created directly at each of 
the pins. The two outward-moving waves 
rapidly stabilized, therefore, but the two 
waves propagating back toward the point of 
ignition apparently decayed owing perhaps 
to earlier consumption of the explosive by 
the predetonation flame. It is evident, more- 
over, that, in Figure 8.9b at least, high-order 
detonation occurred even ahead of the 
luminous flame, showing the presence of 
nonluminous pressure waves of appreciable 
intensity even ahead of the initial, low- 
intensity, but rapidly accelerating flame. 


Deflagration-to-Detonation Transition 
in Solid Explosives by SPHF Method 


That fundamentally the same complex 
shock-interaction phenomena may be in- 
volved in the deflagration-to-detonation 
transition in solid and liquid explosives as 
in gases is indicated by intensive studies in 
the author’s laboratory of the propagation 
of detonation through condensed media. As 
shown in Chapter 4, an inert, condensed 
medium is able to interrupt the detonation 
wave and convert it to a deflagration, thus 
requiring detonation to be re-formed from 
deflagration on the opposite side of the plate 
(cf. Figures 4.11 and 4.12) if detonation is 
to continue beyond the plate. More detailed 
study of the effect there shown leads to 
interesting conclusions. 

Consider a solid plate, e.g., glass or steel, 
of some finite thickness S, less than a certain 
critical value S.. For values of S; greater 
than S., detonation cannot re-form on the 
opposite side of a plate impacted on one 
side by a detonation wave in a given charge. 
However, for S, < 5., detonation will 
re-form on the opposite side of the plate at 
time r after the emergence of the shock given 
by 


= 1 1 
r=At—S,/V*=7.+ S G — 5.) (8.16) 
where V* is the average shock velocity 
through the plate, Aż is the observed total 
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elapsed time between the incident collision 
on one side of the plate and the re-formation 
of detonation in the explosive on the opposite 
side, and r, is the apparent time lag deter- 
mined by simply extending the (time-dis- 
tance) streak-camera trace of the incident 
wave and determining the displacement from 
it of the re-formed detonation wave along 
the time axis. 

The author found in general, in experi- 
ments of the type depicted in Figure 8.10, 
that detonation re-formed on the opposite 
side of the plate at some point in direct con- 
tact or very close to the plate only for very 
thin plates of S,/S. < 0.25; for plates of 
greater thickness it always began some 
distance beyond the plate, which distance 
5: increased with the thickness of the 
plate. Table 8.6 shows detailed results for 
very thin plates of 51/5: < 0.25, showing 
(1) т. versus S; values, (2) the distance S; 
beyond the rear side of the plate where the 
re-formed detonation trace first became 
sufficiently luminous to be photographed, 
and (3) the nature of the trace, i.e., whether 
a straight line (s), one showing a slight 
velocity transient (s.t.), or one with a hook 
(H). 

The distance S beyond the end of the 
plate where detonation first re-formed can 
be accurately determined only if there 
appears a hook in the trace of the re-formed 
wave such as in Figure 8.11. When a hook 
appears, the plane of re-formation corre- 
sponds to the apex of the hook. This is the 
situation one finds for about 0.25 < S;,/S. < 
1.0 and charge sizes greater than about 2.5 
cm. (Backward propagation fails for smaller 
sizes, and therefore one does not then ob- 
serve the hook.) It will be observed from 
the data under S; in Table 8.6, obtained in 
the SPHF method illustrated in Figure 8.10, 
that the apparent beginning of the trace 
8, varied from zero to as much as 2.5 cm 
from the back of the plate. As shown below, 
S» can be made still greater by using still 
thicker plates, since the limit of propagation 
is still considerably beyond 3 cm in the 
examples shown. However. the method 
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TABLE 8.6. OBsERvED Data ON PRoPAGATION THROUGH STEEL AND (1455 PLATES РОВ 5.08-CM AND 
7.62-см Composition В (S; « 5.) 


Steelt 

dcm) Sit fam) тв ‘psec, Sit ‘am; Trace 
5.08 0.16 0.21 0.10 8 

0.32 0.21 0.20 в 

0.50 0.84 0.23 в 

0.65 1.68 0.40 8 

0.50 1.47 0.70 8 

0.16 0. 29 0.11 8 

0.32 0.55 0.22 8 

0.50 0.46 0.28 8 

0.65 1.05 0.35 8 

0.50 1.26 0.7 8 

1.27 1.50 0.65 в 

1.95 3.16 1.45 8 

2.58 4.18 1.66 Н (1.7) 

1.49 1.87 1.11 8.1. 

2.05 2.89 1.16 Н (1.3) 

2.76 4.86 2.43 H (2.5) 
7.62 0.27 0.06 0.00 в 

0.53 0.17 0.06 в 

0.60 0.25 0.27 в 

0. 66 0.30 0.23 в 

0.80 0.36 0.53 st. 

0.35 0.13 0.00 в 

0.46 0.18 0.11 8 

0.58 0.20 0.23 в 

0.69 0.30 0.12 в 

1.04 0.40 0.25 s.t. 

1.43 0.59 0.85 в 

2.19 1.48 0.76 st. 

2.86 2.07 1.2? H (15 

1.42 1.18 0.33 st. 

1.82 1.17 0.90 Н (1.0) 

2.00 1.90 1.37 в 


1 8, = plate thickness. 


Giasst 

4d'cm) Si-cm) ув se, $з (аа) Trace 
5.08 0.33 0.22 0.17 8 

0.53 0.51 0.06 8 

1.07 1.12 0.17 8 

1.30 1.56 0.33 84 

1.63 2.28 0.10 s.t 

0.37 0.45 0.10 8 

0.59 0.35 0.13 s 

1.17 1.17 0.20 8 

1.57 1.95 0.24 8.0 

1.88 2.00 0.41 8.t 

2.23 2.25 0.82 8.t. 

2.55 2.68 0.80 H (0.8) 

3.00 3.10 1.72 8 

2.07 1.62 1.11 Н (1.12) 

2.53 2.25 1.18 H (1.2) 

3.09 3.15 1.39 H (1.4) 
7.62 0.46 0.10 0.0 8 

0.81 0.15 0.0 8 

1.15 0.23 0.23 8 

1.38 0.25 0.35 8 

1.73 0.30 0.23 8 

0.35 0.05 0.12 8 

0.58 0.10 0.00 8 

0.93 0.18 0.23 8 

1.40 0.26 0.35 8 

1.63 0.32 0.37 8 

2.06 0.40 0.18 Н (0.18) 

2.42 0.65 0.18 8.4. 

2.96 1.10 0.70 Н (0.70) 

1.84 0.34 0.47 s.t. 

2.55 0.87 0.22 s.t. 

2.97 2.00 0.89 H (0.90) 


1 8: = distance beyond plate where trace of re-formed detonation first appears. 
$ In this column в = straight trace; s.t. denotes slight transient; H( ) denotes hook in trace having 


а peak at the value shown in ( ). 


illustrated in Figure 8.11 then provides the 
best method of measurement. The waves 
were apparently almost plane in these 
experiments, as determined in wave-shape 
studies. Since the traces for S,/S. < 0.25 
from Composition B in 5- and 7.5-cm diam- 
eters were straight lines or traces with only 
slight transients in both steel and glass in 
the Figure 8.10 method, there was really no 
evidence that the wave did not re-form 
directly at the plate surface. However, as 
indicated in Figure 8.12, it is probable that 
5: is always finite as long as S, is finite. 
One will note that the luminosity built up 
steadily between plates. This is probably а 
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result largely of development of the detona- 
tion head because this build-up is nearly 
always evident in studies of the early stages 
of detonation even when no transient 
velocity is apparent, and is no direct meas- 
ure of the value S+. In fact, one might de- 
crease the apparent values of S; for the 
straight and slightly transient traces simply 
by increasing the photographic exposure. 
As mentioned for thicker plates, the point 
of re-formation of detonation moves farther 
away from the plate as the plate thickness 
increases. Thus measurements of the т — 
5. — S, relations for glass interrupters in 
the region where a hook was always appar- 
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ent in 5-cm (d) (receptor) Composition B, 
namely for values of 0.25 < S,/S. < 1.0, 
showed the following results: 


т = 3.5.10-85,; (т inseconds, S; in centimeters) 


and 
5: = 0.3 5, + 0.0651 


for S in centimeters. 

The explanation of the above facts is 
readily apparent. The inert medium, through 
which the detonation propagates, interrupts 
and destroys completely the incident deto- 
nation wave (by its heat-filtering action). 
For this reason we have designated this 
method of studying the interruption and 
re-formation of the detonation wave the 
shock-pass-heat-filter method. But the 
condensed medium transmits shock into 
the explosive on the opposite side of the 
plate, raising the temperature of the explo- 
sive to a level required for it to begin to 
burn. The initial relatively nonreactive 
shock thus flows forward as a piston-sup- 
ported shock, evidently at constant velocity 
except possibly right at the sensitiveness 
limit. But the deflagration that it creates, 
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Figure 8.10. Traces of detonation-wave propa- 
gation in Composition B through Steel of 8; & S, . 
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Figure 8.11. SPHF initiation of Composition B at S:/S. ~ 0.75. 
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Figure 8.12. Plots of S, versus S1 and т versus S; for SPHF initiation of Composition В at 0.25 > 


81/8. > 1.0. 


as it passes through the explosive, builds 
up the temperature at first adiabatically, 
following Equation (8.3), until the tempera- 
ture finally reaches the critical temperature 
T. (if S, < S.). At this point the heat pulse 
is initiated, as shown in Chapter 4, which 
then suddenly overtakes the (relatively) 
nonreactive shock and reinitiates high- 
order detonation. Now as the plate thickness 
increases, the intensity of the transmitted, 
initial, nonreactive shock diminishes. This 
requires greater rebuilding of shock inten- 
sity; but since the lower-incident wave 
intensity results also in a lower rate of 
deflagration, the rebuilding process takes 
longer. In the meantime the wave has 
passed a greater distance beyond the plate 
before the heat pulse is initiated. Hence the 
detonation finally re-forms at a point more 
remote from the plate. This explains why 
8; increases as S; increases. Also S:/r is a 
constant simply because the inert shock is a 
supported one of constant velocity. The 
whole chain of events thus seems to resemble 
very closely those described in the previous 
section in the deflagration-to-detonation 
transition in gaseous explosives. Moreover, 
the SPHF method seems to provide crucial 
evidence for the validity of the general 
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mechanism of detonation outlined in Chap- 
ter 4. 


Initiation of Detonation in Liquid 
Explosives 


Intensely interesting effects in the initia- 
tion of detonation in liquid explosives have 
been observed in the author’s laboratory, 
using argon flashbomb back lighting and 
front lighting together with the shock-pass- 
heat-filter techniques to interrupt the 
detonation wave from a primer charge under 
conditions where it will re-form at a certain 
time later and at a position some distance 
within the liquid-explosive receptor charge. 
Figure 8.13 shows 11 frames in a 23-frame 
sequence by the author, D. H. Pack, and 
У. A. Gey in which the shock waves from 
two 3-cm (d) x 23.5-cm (L) Composition B 
charges were passed simultaneously through 
1.06-cm (left) and 1.14-cm (right) glass 
plates. Back lighting by an argon flashbomb 
was used in this series. The first phenomenon 
to appear in the liquid explosive (frames 1 
to 3) was a slight brightening and yellowing 
of the liquid within the shock. However, the 
shock wave itself was not visible despite the 
transparency of the back-lighted liquid. As 
mentioned previously, the absence of the 
shock discontinuity seems to be a character- 
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Figure 8.13. Framing camera sequence (frames 2 to 12) of the initiation of detonation and the detona- 
tion reaction zone in 63/13/24 nitric acid-water-nitrobenzene (5 cm between scale markers). Original 


in color. 


istic condition whenever detonation re-forms 
in the SPHF technique in liquid explosives. 
Thus when the brightening occurs, it seems 
to obliterate the sharp discontinuity at the 
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front of the shock wave, and whenever 
reaction is sufficient within the shock wave 
to lead eventually to re-formation of deto- 
nation, i.e., when S, < Se, one can no 
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Figure 8.14. SPHF initiation of Dithekite 13 
by Composition B at S; = S.. 


longer observe the shock-wave discontinuity 
characteristic of a back - lighted nonreactive 
shock. After the wave in this shot had 
propagated about 5 cm into the liquid, one 
could observe (frame 4) a slight darkening 
2 to 3 cm behind the wave front, apparently 
beginning right at the SPHF plate, with the 
initial brightening or yellowing still being 
evident between the extreme front of the 
disturbance and the front of the darkened 
region. In frame 5 the darkened region had 
considerably intensified from the previous 
frame. But the initial bright zone was still 
visible, although the contrast was not suffi- 
cient to define its forward boundary. On 
frame 6 the dark region had developed still 
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greater intensity, and the bright zone seemed 
to have diminished somewhat. (However, 
the latter condition is due only to the lack 
of contrast, as shown clearly in frame 11.) 
Detonation appears to have re-formed 
between about frames 5 and 6, but it re- 
mained somewhat transient until about 
frame 9. Note in frames 6 to 10 that the 
sharp rise in pressure occurred at the boun- 
dary of the dark zone, as shown by the 
sharp acceleration of the bottle walls at 
this point. However, the fact that the front 
of the detonation wave was somewhat ahead 
of the high-pressure dark zone is strikingly 
illustrated by the appearance of the plasma, 
described in Chapter 7, while the dark, 
high-pressure zone was still well below the 
surface of the liquid (frame 11). Yet, even 
at this well-developed stage of detonation, 
the pressure between the front of the dis- 
turbance and the front of the dark zone was 
small relative to that in the dark zone, as 
shown clearly by the blast contour. As a 
matter of fact, as already discussed in 
Chapter 6 for NM, even the front of the 
dark zone was not the end of the reaction 
zone, аз was shown by photomicrographs 
in which darkening was found to increase 
somewhat behind this dark front. Moreover, 
the dark-zone front was not itself a sharp 
front but a somewhat gradual one, appar- 
ently actually beginning its color change 
from the initial brightening very close to 
the real front of the detonation wave and 
increasing toward the more pronounced 
darkened region. The fact that the pressure 
was much higher at about the center of the 
reaction zone than at its front is again 
striking evidence showing the need for 
modification of the Zeldovich-von Neu- 
mann-Doering model in which the maximum 
pressure occurs theoretically right at the 
shock front. In fact, as in previous examples, 
this evidence seems to indicate a relative 
pressure P, considerably less than unity 
at the detonation front. The detonation 
wave is evidently therefore quite different 
from а normal shock wave, at least in this 
explosive. 
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Figure 8.15. Frames 5 to 12 of a 23-frame sequence of initiation of detonation in nitromethane (NM 
sensitized with ethylenediamine by 3 x 23.5-cm Composition B charges through 1.27-om glass (5 cm be- 


tween scale markers). 


Figure 8.14 is a striking streak-camera 
trace of the SPHF initiation of Dithekite 
13 right at the sensitiveness limit, showing 
a phenomenal delaying action of the SPHF 
plate. In this example the donor was 2.5-cm 
(d) Composition В at S; = 1.0 cm and 
S. = 4.1 ст. The time т was 49 usec. In 
this case, therefore, the constant S./r 
relation found in Composition B broke 
down in Dithekite 13 at least at the sensi- 
tiveness limit. 

Figure 8.15 shows several frames from 
another 23-frame sequence in two bottles 
of sensitized NM initiated as before by the 


Google 


SPHF method using 3 x 23.5-cm Composi- 
tion B charges each initiating the liquid 
through 1.27 cm of glass. The charge on 
the left was sensitized by 2.67 per cent 
ethylenediamine (EDA) and that on the 
right by 2.83 per cent EDA. The charge on 
the left failed to detonate, but that on the 
right transferred rapidly into a detonation 
between about 2 to 3 usec after the shock 
passed into the liquid; one observes evidence 
for the transition region on frames 6 and 7. 
Note again the sharp, well-defined shock 
front in the left-hand charge that failed. In 
this case the practically nonreactive shock 
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TABLE 8.7. SENSITIVENESS LIMIT FoR INITIATION 
ог DETONATION THROUGH GLASS PLATES FOR 
Some Liquip EXPLOSIVES AND COMPOSITION 
B (Donor Composition B) 


Receptor Donor 
Diameter Diameter 

Explosive (cm) (cm) Se (cm) 
Composition B 5.0 5.0 8.2 
Composition B 5.0 3.0 41 
Dithekite 13 7.5 ва 3.0 1.24 
Dithekite 13 4.7 2.5 1.0 
Dithekite 10 7.5 ва 3.0 1.451 
NM 7.5 ва 3.0 0.75 
NM/EDA 97.8/2.7 7.5 ва 3.0 1.27 
NM/NC] 90.8/9.2 7.5 sq 3.0 0.86 


t Approximate only. 
1 Nitrocotton. 


initiated а very striking, red reaction zone, 
referred to in Chapters 4 and 6 as the 
characteristic precursor reaction of NM. 
This red reaction zone has been observed 
a number of times in NM under inadequate 
initiation intensities, and a slight reddening 
has sometimes been seen toward the front 
of the detonation wave in NM. Unfortu- 
nately itisquickly masked by the dark region 
of the reaction zone which, perhaps because 
of the formation of free carbon, renders the 
detonation reaction zone nearly completely 
opaque evidently relatively long before 
reaction is complete. Incidentally, one may 
also observe the same reddish reaction spot 
in an intense shock wave propagated into a 
saturated AN solution in the SPHF method. 

Another interesting and important fact 
bearing directly on the mechanism of initia- 
tion of detonation is that Dithekite 13 
showed a marked increase in S, when 3 
mesh (standard Tyler) glass beads were 
placed in the liquid. The actual value of 
S. was not determined, but S. was at least 
2.5 times greater than in the absence of 
the glass beads. Moreover, in framing- 
camera sequences in Dithekite 13 containing 
the glass beads, one could observe hot spots 
between the glass beads, and these hot 
spots were clearly the seat of considerable 
intensification of the predetonation reaction. 

Finally, Table 8.7 presents some data on 
the sensitiveness limit S. for the cases 
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studied in the author's laboratory of the 
SPHF initiation of several explosives by 
Composition B donor charges and the glass- 
plate interrupter. 


Sensitiveness of Explosives 


Air-gap sensitiveness is a term which has 
been applied as the measure of the maxi- 
mum distance for the consistant propagation 
by influence from a primer charge across an 
air gap to a receptor charge. It has been 
used for many years as a control test for 
dynamites and other commercial explosives. 
In control tests it is carried out usually in 
114-in. diameter by cutting a single 114 in. x 
8 in. cartridge into two 4-in. lengths and 
wrapping them in paper with the bare ends 
facing across & gap of distance S (half- 
cartridge sensitiveness test), or by wrapping 
two 114 in. x 8 in. cartridges in paper with 
а gap of distance S between the end crimps 
of the original shell which face each other 
across the air gap (whole-cartridge sensitive- 
ness test). These sensitiveness tests have 
great practical value in commercial explo- 
sives because they provide & measure of 
probable borehole performance, i.e., whether 
or not the dynamite may be depended upon 
to propagate in а long column under the 
confinement of the borehole. Experience has 
shown that the half-cartridge sensitiveness 
should be at least 6 in. (preferably at least 
12 in.), or/and the whole-cartridge sensitive- 
ness at least 2 in. (preferably at least about 
4 in.) in order to ensure satisfactory borehole 
performance in continuous unbroken col- 
umns. If, however, the sensitiveness is much 
higher, say 50 in., one may expect to be able 
to separate the charges to some extent 
without incurring propagation difficulties. 
In fundamental studies of sensitiveness, on 
the other hand, it is best to use nearly 
spherical primer charges, or cylinders of 
L/d — 1.0, and no material except the 
homogeneous medium in question (air in 
this case) between the primer and the 
receptor. The size of the primer is then an 
important factor, but that of the receptor is 
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not, as long as its diameter is well above the 
critical diameter d, . 

The term "'sensitiveness" may be applied 
in a general sense as the measure of the 
maximum inert filled (air, water, mud, solid) 
gap over which the explosive will propagate 
by influence. This corresponds to the 
quantity S. described in the previous section 
for the case of any inert, condensed medium 
between charges, and the mechanism of 
propagation by influence through condensed 
media in general is that described in the 
previous section. Indeed, in propagation by 
influence of even the most sensitive dyna- 
mites across water or mud gaps, one observes 
time lags [defined by Equation (8.16)] that 
are always finite although sometimes quite 
long. For instance, in photographs of a 
ditching shot where the charges are each 
separated sometimes several feet, one may 
estimate т approximately from the rate and 
time of rise of the blast column and the 
approximate rate of propagation of the 
shock wave through the medium. It is 
found frequently to be of the order of 
milliseconds. 

Propagation by influence over air gaps 
seems to differ fundamentally, at least in 
very sensitive explosions such as dynamites, 
from propagation by influence through 
inert, condensed media except near the 
sensitiveness limit where the process again 
becomes that described in the previous 
section. Figure 8.16 shows typical plots of 
the effective initiation wave velocity V? 
versus gap distance and shock velocity V* 
versus gap distance, using as examples 65/35 
tetrytol (tetryl/TNT) and 60 per cent 
straight dynamite, the latter having perhaps 
the greatest sensitiveness of all practical 
secondary explosives. Note that at S/d ~ 4 
initiation of high - order detonation in these 
two explosives occurred as near as could be 
measured at the instant of arrival of the 
shock wave. But for smaller values of S/d 
(where the shock wave intensity was greater) 
there was an appreciable lag between arrival 
of the shock wave at the receptor charge and 
initiation of high-order detonation! The 
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Figure 8.16. Shock velocity V* versus S and 
average velocity V; versus S for propagation by 
influence in air for a straight dynamite and 65/35 
tetrytol. 


explanation of this surprising effect becomes 
apparent if one considers the relations 
between the shock wave and the detonation- 
product gas cloud illustrated, e.g., in Figure 
5.11. 

At the instant the air shock wave is formed 
as the detonation wave reaches the end of 
the charge, it passes out into the medium 
(air) at & velocity even greater than the 
detonation velocity. However, since it is 
then only weakly sustained, the initial air 
shock decays rapidly, as shown in Figure 
8.16. The products of detonation also begin 
to stream out into the medium at this 
instant but at а velocity much lower than 
the initial shock velocity V*, in fact, 
apparently at a velocity of about 2Wc.; or 
about 4D. Owing to the high pressure in 
the gas cloud, however, the product gases 
accelerate by converting pressure-volume 
energy into kinetic energy, and at about two 
to four charge diameters from the end of 
the original charge this gas cloud overtakes 
and penetrates the initial air shock front. 
Now these gases expand in air essentially 
freely (1.е., against effectively no resistance), 
and their temperature is therefore approxi- 
mately the detonation temperature. The 
instant they arrive at the receptor, therefore, 
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they can, if they comprise a sufficient total 
mass in accord with the principles developed 
in Chapter 5, initiate high - order detona- 
tion, providing directly the necessary 
enthalpy for detonation to propagate. This 
is not possible with the initial shock wave, 
not because it is not hot enough but appar- 
ently simply because it is too thin and low 
in density. Evidently, therefore, it is the hot 
gas cloud rather than the initial shock wave 
that is responsible for propagation by in- 
fluence, because the observed V; versus S 
curve is characteristic of this gas cloud, and 
not the initial shock wave across the air 
gaps (except at the sensitiveness limit). 
Since, therefore, the detonation-product gas 
cloud does not propagate through condensed 
media, the mechanism of propagation by 
influence is fundamentally different when 
the gap is air than when it is some inert, 
condensed medium (cf. Chapter 13). 

For values of S;/d somewhat less than the 
limiting value S./d which determines the 
air-gap sensitiveness, detonation begins 
practically at the surface of the explosive, 
frequently as an already stabilized detona- 
tion wave. However, toward the limiting 
distance of propagation by influence in air 
in the less sensitive explosives, e.g., cast 
explosives, the point of re-formation of 
detonation moves into the charge as it does 
in propagation through condensed media. 
This is because the hot gas cloud from the 
receptor has for large air gaps cooled and/or 
expanded excessively. Re-formation of the 
detonation wave then follows the normal 
shock mode of initiation, 1.е., the deflagra- 
tion-to-detonation transition. But for smaller 
values of S,/d the temperature of the gas 
cloud is high enough and expansion small 
enough to re-form detonation directly 
without an intervening deflagration. 

The actual limiting distance S, in propa- 
gation by influence through air, according 
to Robinson, ©" 816 follows the relation 
Si = k'M (k’ is a constant and M the 
weight of the primer). This law is apparently 
based, however, on only limited experimen- 
tal results. One may, from the above 
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mechanism and the thermal effects in 
detonation, show that propagation by 
influence through air should actually follow 
very closely the law of similitudes 


Si = kM (8.17) 


where k is a different constant for each 
explosive, and moreover will depend on the 
density and physical state of the explosive. 
This equation will apply, on the other 
hand, only if one uses а primer of fixed 
L/d, and К will be а maximum for any 
explosive of fixed composition, density, and 
granulation for L/d ~ 1.0. Also Equation 
(8.17) may be readily upset if there is a 
chance for the explosive to hurl solid frag- 
ments, because flying particles can set off 
an explosive over far greater distances via 
the hot-spot mechanism than the blast wave 
itself. In addition, k will depend upon how 
one expresses sensitiveness results. For 
example, the maximum distance for con- 
sistent detonations (100 per cent D, 0 per 
cent F) is usually roughly about one-half 
the minimum distance for consistent failures 
(0 per cent D, 100 per cent F). It is usually 
best to adopt the 50 per cent D, 50 per cent 
F point as the reference point for defining 
k, because this point can be most accurately 
established. That is, the percent detonation 
versus S curve is in general an S-shaped or 
probability curve. 

Of considerable interest in connection with 
the use of Equation (8.17) is that in the 
most sensitive dynamites (where the reac- 
tion-zone length a, is small) k should be 
approximately the value one would compute 
assuming free spherical expansion of the 
products of detonation until they reach 
approximately atmospheric pressure. That 
is, the limit of propagation by influence in 
air in, e.g., the most sensitive dynamites 
should be approximately the limit of expan- 
sion of the products of detonation in air. 
One may compute S., in other words, by 
assuming the products of detonation at the 
limiting distance for propagation by in- 
fluence in air (8,) to be at atmospheric 
pressure at the detonation temperature. In 
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explosives of longer reaction-zone length, on 
the other hand, the limit of propagation by 
influence S, will be less than that value 
determined by the limit of expansion of the 
products of detonation, ie., the radius of 
the spherical gas cloud of p — 1 atm. In- 
stead, it will have & value corresponding to 
some higher critical pressure p.. If one 
defines the critical maximum specific volume 
v. of the products of detonation that will 
still initiate а detonation in a receptor charge 
by the equation 


ve = nET;/p. (8.18) 


where р. is the critical pressure in the hot 
gas cloud, one may then define S. by the 
relation 


8. = (3v-M/4x)'/3 (8.192) 


or 


S, = (3nRTiM /Avp.)!* (8.19b) 


This equation predicts that S. for explosives 
of negligible a, will be given by (3n RT;M/ 
4x), corresponding to p. = 1. This 
amounts to about 100 + 50 cm for а primer 
of М = 1; it agrees substantially with 
unpublished sensitiveness results for high- 
NG dynamites. In other secondary explo- 
sives p, may range from this low pressure 
of 1 atm to perhaps as high as 100 atm 
in the least sensitive explosives, such as 
the high-density, high-AN, non-NG explo- 
sives, and some military cast explosives. 


Other Measures of Explosive Sensitivity 


There are a variety of additional methods 
of measuring relative sensitivity that are of 
value in coping with the hazards and ob- 
taining information useful in predicting 
performance in practical applications of 
explosives. These include sensitivity to 
friction, sparks, and other types of electrical 
discharge, sensitivity to denting of casings, 
or pinching of explosives between metal 
surfaces, propagation sensitivity at and 
near the critical diameter, measures of the 
minimum primer or booster required to 
obtain a detonation capable of propagation, 
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and determinations of the amount of an 
inert substance that may be incorporated 
in the explosive charge before it becomes too 
insensitive to detonate or at least propagate 
a detonation wave in a suitably long column. 
Since these tests have been adequately 
described throughout the literature, they 
will not be discussed here. It is sufficient 
for present purposes merely to mention 
that, although few if any of these measures 
of explosive sensitivity have been subjected 
to theoretical analyses, quite likely all are 
to be understood on the basis of the general 
principles discussed in this chapter, namely 
thermal initiation via hot spots and the 
transition from explosive deflagration to 
detonation via interacting and reinforcing 
shocks and the heat pulse. 


Ignition of Deflagration in Propellants 
by Detonating Gases 


Extensive studies of ignition of solid 
propellants by detonating gases have been 
carried out in the author's laboratory." 2% > 
Ref. 5 Ch. & Ref-1 The detonation head in 
gases becomes steady just as in condensed 
explosives after propagation of the detona- 
tion wave over a certain fixed distance. This 
length Lm is, however, much longer in gases 
than in solids (Chapter 5). If one employs 
a steady-state detonation head by using 
tubes of length at least L’ + L4, such as 
(1) to form the detonation wave at a distance 
L' from the igniter (e.g., а spark discharge) 
and then (2) to allow detonation after it is 
formed to propagate an additional distance 
Lm required to become steady as regards 
the p(x) contour, one has a well-defined, 
dynamic, hot gas system that may be used 
quantitatively in studies of ignition of 
propellants. Actually, this dynamic, hot gas 
system, while steady and easily reproducible, 
has complicated p(x) and T(x) curves. 

A still better way to use a detonating gas 
system in the study of propellant ignition 
is to employ conditions prevailing in the 
region of the igniter when ignition is effected 
at the center of a very long tube. In a 1-in.- 
diameter steel shot tube the pressure and 
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Figure 8.17. Pressure-time trace in isobaric, hot gas igniter. 


temperature prevailing in the region of the 
igniter, following a short transient in which 
the pressure builds up quickly to the steady 
value, remain nearly constant for several 
milliseconds. During this period one may 
effect propellant ignition. Actually, the 
pressure and temperature of the approxi- 
mately isobaric and isothermal regime 
corresponded almost exactly to the so-called 
explosion conditions defined by 


(8.20) 
(8.21) 


ps = п RT;/v, (explosion pressure) 
T; = Q/C, + T, (explosion temperature) 


Eventually the shock waves from detonation 
are reflected back from the ends of the shot 
tube. Moreover, heat losses from the tube 
cause p and T to drop slowly. But over the 
first few milliseconds nearly isothermal and 
isobaric conditions prevail. Figure 8.17 
shows a typical p(t) trace for conditions 
existing at the center of the tube near the 
point of ignition in 2Н,-10› at р, = 8.5 
atm. The p(t) curve in this case had a nearly 
flat region at p = p; for а period of about 
4.5 msec before the first reflected shock wave 
returned to the point in question. 
Detonating gas igniters are useful in 
studying propellant ignition by providing 
reproducible р and Т conditions for study- 
ing the importance of various factors in the 
heat-balance equation, Equation (8.1). In 
addition, because one may vary the detonat- 
ing gas composition and therefore the prod- 
ucts of detonation over wide ranges as 
desired, it provides a valuable method of 
studying the influence of various chemical 
constituents in the igniter on propellant 
ignition. Quantitative data observable in 
the detonating gas-ignition method for the 
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study of propellant ignition include (1) 
ignition or nonignition and (2) ignition time 
lag. The most satisfactory index for ignition- 
nonignition is the minimum, or threshold, 
pressure for ignition, where threshold 
pressure, designated pi, is defined as the 
minimum initial pressure required to pro- 
duce consistent ignitions of a given propel- 
lant by a particular detonating gas of given 
composition. A more fundamental index is, 
of course, the threshold detonation pressure 
рз, or in the isobaric detonating gas-igniter 
method, the threshold explosion pressure 
pi. However, since p? and р; may be com- 
puted from pi through the hydrodynamic 
theory, pi is quite as reliable an index as 
p» ог рз. It has, moreover, the advantage 
of being a directly observable quantity 
where рз or p; is not directly observable 
but must be computed, and furthermore 
p2/p; is approximately constant in any 
system. 

The ignition time lag 7 is defined as the 
interval between the initial application of 
energy to the propellant, i.e., impact of the 
propellant by the detonation front, or the 
instant the pressure becomes p; in the 
isobaric method, and the time of initiation 
of reaction or burning. The ignition time 
lag requires careful definition; it depends on 
the particular initial stage of burning one 
observes. Depending on how this ignition is 
observed, it may be identified with various 
stages of burning. For example, it may 
correspond to the first observable partial 
decomposition of the propellant, the initial 
evolution of gas, or the initial appearance 
of a high-temperature, luminous flame. The 
literature describes three zones of propellant 
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burning, namely foam, fizz, and flame 
zones.’ Each of these zones makes its 
appearance at a somewhat different stage, 
and as a result, observations involving 
different zones of burning would be de- 
scribed by different ignition time lags. One 
must, of course, ascertain that the stage one 
is observing actually provides an adequate 
criterion of ignition, i.e., that a stable flame 
always appears at or following the particular 
stage observed. 

One time-lag index employed by Cook 
and Olson?" * **-5 involved measurement 
of the induction period of initial decomposi- 
tion sufficient to produce enough ionization 
for the discharge of pins through an ioniza- 
tion gap. This was determined by a tech- 
nique’ in which the time т; to start decompo- 
sition and erode a given thickness ¢ of 
propellant from the surface of the exposed 
propellant face was measured. The real time 
lag т; corresponding to this index was then 
calculated from the equation 

т а т s/k' (8.22) 
where 7; is the measured time and k’ is 
the (pressure dependent) burning rate of 
the given propellant.’ Unfortunately t (or 
8/k') could be determined only to within 
an accuracy of about 20u. Consequently 
the last term in Equation (8.20) was not 
known precisely. Since under operating 
conditions т; « т;, this criterion involved 
appreciable error. Moreover, there was 
some question whether 7;, as defined by 
Equation (8.22), could be considered a true 
ignition index because true flame always 
appeared considerably later. 

A relatively unambiguous definition of 
time lag is that based on the initial appear- 
ance of a stable flame. This time lag, desig- 
nated т, may be determined by direct 
photography of the propellant face by use 
of either a streak or a “Fastax” camera. 
However, at p; values above 300 psi, depend- 
ing on the igniter composition, the light 
from the detonation and recurring shock 
waves persists a sufficient time to mask the 
initial appearance of the stable flame. Hence 
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this method is applicable only at initial 
igniter pressures below 300 psia. 

Results of pi, r;, and т, measurements 
described below were obtained in a heavy- 
walled, steel shot tube, 1 in. i.d. Initiation 
of the gas was effected in each case by the 
discharge of a 1-uf capacitor at 4,400 volts 
through a high-pressure (airplane) spark 
plug. Detonation and predetonation flame 
velocities were measured by means of the 
pin-oscillograph technique.’ Ionization-gap 
pins were connected to separate capacitors 
charged to voltages of 250 to 1,700 volts 
(as desired). The capacitors were discharged, 
in turn, through the pin gaps by the highly 
conducting ionized wave front of the deto- 
nation or predetonation flame. This dis- 
charge was fed through suitable pulse- 
forming circuits to an oscilloscope, where 
it was recorded photographically as a pip 
on the calibrated sweep of an oscilloscope. 

The shot tube was 92 cm long and was 
designed for pressures up to 30,000 psi. It 
contained ionization-gap stages 50, 25, and 
0 cm ahead of the propellant to ascertain 
that a constant velocity was obtained at 
least 50 cm before contact with the propel- 
lant. The propellant in this case was a 
smooth-surfaced 2.5-cm-diameter, 3-mm- 
thick wafer and was mounted on the end of 
a plug that was threaded into the end of 
the tube opposite the point of initiation of 
the gas. Consequently, the face of the wafer 
was perpendicular to the axis of the tube, 
and the detonation wave struck it broadside. 
Ignition was viewed through a plastic win- 
dow sealed into the tube with O-rings. 

This method incurred uncertainties asso- 
ciated with broadside collision of the detona- 
tion wave with the propellant, including 
excessive shock-wave interactions and com- 
plete interruption of the detonation wave. 
Despite these uncertainties, results of 
threshold ignition measurement proved 
reproducible, but the measurements of time 
lag were not satisfactory. 

Four homogeneous double-base rocket 
propellants, designated for security reasons 
as propellants A, B, C, and D, were studied. 
Each propellant had about 50 per cent 
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nitrocellulose, approximately 30 to 40 per 
cent NG, and varying percentages of the 
usual plasticizers, stabilizers, and other 
additives. The propellant C had the highest 
NG, and propellant D had slightly more 
NG than A and B, which had equal amounts. 
Because propellant ignition seems to be 
dependent somewhat on the physical char- 
acteristics of the propellant, such as size, 
shape, and degree of roughness of the 
exposed surface, each of these factors was 
held constant in any particular series. 


Ignition-Threshold Pressure 


Figure 8.18 shows a plot of the logarithm 
of the mole ratio C4H;/O; versus pi for 
propellant A. The broken line gives the 
ignition-threshold curve as a function of 
composition. It is doubtful that the results 
were sufficiently reliable to justify the 
detailed broken curve; the solid curve is 
considered the best smooth curve through 
the observed data. The threshold pressure 
curve showed a maximum for the 2-3 
(С:Н,-О,) igniter and decreased sharply on 
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LOG €,H,/0, 
Figure 8.18. Threshold ignition pressure pi versus C3H;/O; ratio for propellant A. 


both sides. Powdered carbon was found in 
minute quantities with the igniter 1-1 
(C;Hz-O;); it increased rapidly to copious 
amounts as the proportion of the acetylene 
in the igniter was increased above this 
value. These results show that, in addition 
to purely thermal factors, both oxygen and 
solid carbon in the igniter gases are effective 
in enhancing ignition of propellants. 

The pi versus composition curves for the 
propellants A, B, C, and D, using the H-O: 
igniters, given in Figure 8.19, were obtained 
in about 300 tests at eight different H;/O, 
ratios between 0.125 and 12.0. The data 
show, in general, large pi values for the 
hydrogen-rich igniter and quite small pi 
values for the oxygen-rich igniters. While 
all propellants showed marked sensitivity 
to excess oxygen in the products of detona- 
tion, propelant A appeared somewhat 
more sensitive to oxygen than propellant D. 
From Figure 8.19 and the results in Table 
8.8, it may be seen that detonation was 
produced only in the igniter composition 
range H;/O; from 0.4 to 5.0, and the failure 
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Figure 8.19. Threshold ignition pressure pi versus Hs/O; ratio for ignition of propellants A, B, C, 
and D. 


of pi to increase sharply with H;/O, from 
5 to 7, even though these igniters did not 
detonate, indicates that the deflagration 
flame, although cooler and less intense than 
the detonation flame, was at least as effec- 
tive as the detonating gases in igniting the 
propellant. With the extremely hydrogen- 
deficient and hydrogen-rich igniters, the 
curves were very steep, except with pro- 
pellant D at Н,/О, = 12.0. This steep rise 
may be due to the reduced temperature of 
the flames as the limits of inflammability 
were approached. 

The ignition-threshold method used with 
igniters with little or no oxygen or solid 
carbon clearly differentiated the relative 
sensitivities of the propellants. On the 
oxygen-rich side the sensitivities differed 
very little, owing to the large oxygen effect. 
Hence the measurement of relative ignition 
sensitivity should perhaps be confined to a 
particular composition in which (Оз) is 
small or absent, for example, 2Н,-О». 

Figure 8.20 gives & comparison of pi 
versus composition curves of propellant C 
obtained in the shot tube described above 
(shot tube I) with those obtained in the 
same type tube but 302 cm (shot tube II) 
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TABLE 8.8. Distance L' From IGNITEB (1-дР 
CONDENSER, 4,400 voLTs) то Point or Оето- 
NATION FORMATION IN THE НО: IGNITER 


Heron (arts (ри) 

by Volume) ws 2 м шю 190 
1-3 127 121 112 107 101 
1-2 75 65 56 52 45 
1-1 40 2 27 20 V 
2-1 31 2 13 16 15 10 
3-1 42 233 22 15 17 12 
4-1 64 68 48 41 39 37 
6-1 116 112 94 108 99 


instead of 92 cm long. Curve (1) was ob- 
tained in tube I. For this curve the gases 
were mixed in the tube for at least 10 min. 
Curve (2) was also drawn from data ob- 
tained in tube I, but the gases were pre- 
mixed at least 30 min in the mixing tank. 
The two curves agreed fairly well except for 
а decrease in pi for Н;-О, above 2. The data 
for curve (3) were obtained under exactly 
the same conditions as (2) but in shot tube 
II. All compositions in the range 3.0 » 
Н,/О, > 1.0 should have attained a steady 
detonation head at L « 302 cm. It may be 
noted that the curves were similar in shape 
but differed by а fairly constant value of 
&bout 60 to 70 psi, indicating that the 
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Figure 8.20. Comparison of pi values in shot tube I (curves 1 and 2) with those in shot tube II 


(curves 3 and 4) for propellant C (Hz-O: system). 
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Figure 8.21. Comparison of threshold detona- 
tion conditions (D°, T$, Оз, etc.) for ignition of 
propellant C. 
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same steady-state detonation conditions 
existed in the 92-cm tube as in the 302-cm 
tube for this system. These results illustrate 
the importance of recurrent shocks. Data 
for curve (4) were also obtained in tube II, 
but in this case the propellant pellet was 
placed in the side of the tube 107 cm from 
the point of the detonating gas igniter. Here 
pi for H:/O2 = 2 was about double that of 
curve (3), where the propellant wafer was 
at the end of the tube and interrupted the 
detonation wave directly; but at H:/O. = 1 
for glancing incidence, p; was much less than 
was obtained for broadside collision with 
the detonation wave. 

The most significant result of the ignition- 
threshold studies with НО. mixtures is the 
observed marked influence of oxygen on 
threshold pressure pi . 

Figure 8.21 shows plots of all the pertinent 
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Figure 8.22. Comparison of threshold detonation conditions (T$), (Оў), and (C$) with 1/pi for pro- 


pellant A. 


(calculated) detonation properties at the 
threshold pressure pi against the H;/O, 
ratio, together with the experimental pi 
versus H;/O; plot itself. This figure brings 
out clearly the oxygen effect. The threshold 
pressure was eight times greater using the 
maximum temperature composition 2H4-Os 
than for the H;-O; composition of 20 per 
cent lower temperature but about 10 times 
higher (Оз) + (O) content. Figure 8.22, in 
which the index 1/pi (instead of pi) is 
plotted against C,H:/O; , shows in a striking 
manner the influence of (O:) and (С,) 
concentrations. (It is 1/pi, not pi, which 
should parallel relative ignition sensitivity.) 

Results of measurements of the ignition- 
threshold pressure pi using the isobaric 
igniter method (p = p, T = T3) described 
above showed the same relative effects as 
were obtained with detonating gas-igniter 
method. Only the absolute values of pi 
were higher in the isobaric method, as one 
would expect. 


Ignition Time Lag 


Table 8.9 gives values of the measured 
ionization time lag т; obtained with propel- 
lant C in shot tube II and various НО, 
Systems 
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TABLE 8.9. DATA ON т; FOR PROPELLANT С WITH 
THE Н;-О, IGNITER AT pi = 300 Psia 


Hr: Hr-20: HMO: 
ts) ri, msec Қи) rq, msec Қи) rq, msec 
750 59.40 10 4.65 95 13.27 
400 18.20 0 2.52 90 16.40 
200 8.80 60 3.98 
85 6.25 50 4.11 
75 6.80 10 5.03 
50 2.02 0 2.70 
30 2.11 
10 2.13 
10 2.05 
0 2.13 


From the data in Table 8.9, using p: as 
the upper limit of pressure during reaction 
and the known burning-rate law of propel- 
lant C, the upper limit of 7; was computed 
to be 1.1 msec for the 1Н,-10, mixture. 
Since the pressure was much lower than рз, 
т; must have been much less than 1.1 msec. 
Similarly, т; was less than 2.5 msec for 
propellant C when the 1-2 and 1-4 H,-O; 
igniters were used. 

Direct flame-ignition lag (7,) data given 
in Table 8.10 indicate that the true flame- 
ignition time lag 7, is directly dependent on 
the initial pressure and inversely dependent 
on the percentage of oxygen in the igniter; 


204 


TABLE 8.10. DATA ON т, (THE IGNITION Time LAG 
BASED ON A STABLE FLAME) OF PROPELLANT C 


Shot tube I, 2H -O: Shot tube II, Hr-O: 
igniter (broadside igniter at pı = 300 риа 


collison) (glancing incidence) 
(f psia) тр, msec тр , msec 
90 170 1-1 (Н.О) 140 
150 100 3—2 200 
150 84 7-4 225 
150 66 
300 15 


le. т, varied linearly with the mole ratio 
Н,/О,, extrapolating to т, = 260 msec at 
H;/O. = 2.0. As expected, т, was much 
larger (17 times as large for the igniter 2-1) 
for glancing than for broadside collisions of 
the detonation wave with the propellant. 

From Tables 8.9 and 8.10 and observed 
т; and т„ data, it appears that: (1) reaction 
is initiated within about 1 msec and possibly 
within а few microseconds if not immediately 
after the detonation front strikes the propel- 
lant, (2) the time to start the initial reaction 
apparently is highly temperature dependent 
and not appreciably dependent on chemical 
factors in the igniter system, (3) stable 
burning or flame occurs several milliseconds 
later, and (4) stable burning is initiated 
more rapidly in the presence of oxygen. 

Аз mentioned above, in normal burning 
of propellants three stages of reaction have 
been observed, namely foam, fizz, and flame.* 
The ordinarily slightly exothermic (or 
perhaps even endothermic) foam stage 
consists of partial decomposition of the large 
polymers in the propellant to large molecules 
which remain on the surface. The fizz stage 
consists evidently of the initial formation of 
gaseous products. This stage is exothermic 
nearly to the extent of the very hot flame 
stage, where the propellant reactions go to 
completion. Application of this burning 
theory to the time-lag results indicates that 
the foam stage may occur within a very few 
microseconds or immediately after the very 
intensive energy source, the detonation 
head, is applied and that r; may measure a 
stage in the initial formation of the fizz 
zone. In the formation of the foam zone, one 
requires a strong supply of heat; the reaction 
becomes strongly exothermic only after the 
fizz zone has developed sufficiently. Appar- 
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ently, collision of the detonation head with 
the propellant produces the foam zone and 
perhaps early stages of the fizz zone. Only 
at the end of the foam zone and beginning 
of the fizz zone has the reaction developed 
sufficiently to produce enough ions for 
discharge of the pins of the pin oscillograph. 
Apparently, т; marks the time for appear- 
ance of the fizz zone. During the foam stage 
thermal effects in the igniter are much more 
pronounced than the chemical effects. This 
is shown by the observation that т; increases 
with the oxygen content (or more fundamen- 
tally with decreasing temperature) for the 
Н,-О, igniter system of positive oxygen 
balance. 

Chemical effects on ignition are limited to 
the fizz zone and possibly only to the later 
stages of this zone. This would account for 
the strong inverse oxygen dependence on 
true flame-ignition time lag rp. It would 
also account for the decreasing threshold 
pressures found for igniters with increasing 
oxygen content, since the magnitude of 
exothermicity in the fizz zone would increase 
sharply with increased oxygen in this 
zone. Further evidence for this mechanism 
was found in observing the character of the 
propellant following ignition failure at p, 
values below pi; partial burning was ob- 
served to have occurred for the oxygen- 
deficient igniter systems but never for the 
oxygen-rich ones, where the propellant was 
either completely burned or showed no 
evidence of reaction. 

While the subject of initiation of propel- 
lants, which itself comprises a vastly impor- 
tant field, may be considered a remote one 
in this volume, it has been presented above 
primarily for the value it may have in 
answering one important practical problem 
in detonation technology. This concerns the 
possibility of initiating detonation in solids 
by detonating gases regarding which no 
systematic studies have been published. 
Under some conditions it may only be 
necessary, as shown by an application of the 
fundamental principles of adiabatic decom- 
position in strongly exothermic reaction, to 
initiate deflagration in order eventually to 
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obtain detonation in a sufficiently large 
charge mass. The results here show that 
detonating gases ignite low-pressure flames 
in double-base propellants, but only under 
special conditions. While detonating gases 
are capable, above certain critical pressures, 
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of causing very sensitive explosives such as 
fine-grained, low-density PETN to detonate 
evidently almost directly, in the less sensi- 
tive types they affect only ignition of low- 
pressure flames, or no ignition at all, as the 
case may be. 
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CHAPTER 9 


COMPRESSIVE AND ELASTIC PROPERTIES OF SOLIDS UNDER 
EXPLOSIVE ATTACK 


Many modern applications of explosives 
involve in one way or another the com- 
pressibilities of solids under extremely high 
pressures. Moreover, the great developments 
in rockets, the earth satellites, etc., empha- 
size the need for fundamental knowledge of 
the properties of solids including compressi- 
bility, thermal expansion and deformation 
under high temperatures and pressures, 
and high-velocity impact. The range of 
temperatures and pressures for which 
fundamental information is needed is, in 
fact, frequently outside the range of ordi- 
nary nonexplosive methods. Indeed, even 
the monumental high-pressure studies of 
Bridgman’ do not extend into the pressure 
range of interest in some problems of great 
importance, e.g., in understanding jet and 
slug formation in shaped charges, cratering 
in most hard solids, and the explosion of 
solids under high-velocity impact. 

Many of the questions arising in the use 
of materials under explosive attack could be 
answered if suitable equations of state were 
available to predict the behavior of solids 
under high temperatures and pressures. Аз 
a matter of fact, the work of Bridgman and 
others following his and similar methods 
have made available quite reliable equation- 
of-state data for solids. Bridgman's work 
on the compressibility of solids has served 
as the basis for evaluating empirical con- 
stants in such apparently quite reliable 
equations of state as that of Pack, Evans, 
and James” (with a and В as constants) 


i-e p-07]-) = 


and that of Murnaghan,” 
1 + рк! = (р/р,)" (9.2) 


with г, д, апа к as parameters obtained 
from Bridgman’s data and considered 


applicable under much higher pressures 
than those used to evaluate these empirical 
constants. Another valuable theoretical 
extrapolation to obtain an ultra-high-pres- 
sure equation of state by extrapolation of 
Bridgman’s data is that of Furth.” Also 
Feynman, Metropolis, and Teller" have 
presented а completely theoretical approach 
to the ultra-high-pressure equation of state 
that appears to be of great value. The 
author' has developed another theory 
from which one may compute thermal 
expansion and compressibility, and there- 
fore the equation of state. This theory is 
first outlined in this chapter, and then 
applied in the problem of determining the 
thermohydrodynamic properties of explo- 
sives with inert additives. It is also used to 
show that the equation of state in mixtures 
of detonation products and inert solids 
agrees with the empirically general a(v) 
equation of state discussed in Chapter 4. 
Thermal effects of shock waves in solids 
are then discussed. This could be extended 
by application either of the James et al. or 
other similar semiempirical equations of 
State or theoretical ones developed from 
the principles discussed by Feynman, et al. 
and the author. However, this has not yet 
been done although the author, Keyes and 
de Callatay® have made preliminary con- 
siderations along this line discussed in this 
chapter. Similar considerations apply in 
determining the stability of shock waves in 
inert media, some preliminary considera- 
tions of which are presented. Then the 
explosion of solids under explosive attack 
is mentioned briefly, deferring until Chapter 
10 a more detailed discussion, awaiting the 
necessary developments of the laws of 
penetration of solids by high-velocity and 
ultra-high-velocity particles. Also some 
preliminary considerations of cratering by 
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high-speed pellets, and explosive-generated 
ultra-high-speed pellets are discussed. Fi- 
nally the problem of ablation of ultra-high- 
speed pellets is considered. 


Thermal-Expansion Coefficient 


The thermal expansion AR/R may be 
related to the heat content H of a solid as 
follows: 


т R 
н- | сат - | 9E aR 
: z, 9R 


(9.3) 





3E R- R. 

“в R 

From the virial theorem, 27 = R.ðE/ðR, 
where T is the average kinetic energy. 
Hence 





ak R-R H 

Р, Р, 2T 
and for the linear-expansion coefficient o' 
one therefore obtains 


а’ = С/2Т (9.5) 


where C is the heat capacity. To apply 
Equations (9.4) and (9.5) one needs only 
to know T. If the only forces involved in 
solids were the coulombic forces, 7 would 
be very simply determined by Т = —E, 
where E is the total energy (electronic plus 
vibrational) of the system. That T ~ —E 
however, was suggested by the author’ ° 
although this suggestion seems not to have 
been accepted. In Appendix III this condi- 
tion is discussed from the viewpoint of 
fundamental quantum mechanical consider- 
ations. Here are presented some simple 
experimental facts which seem difficult to 
explain on the basis that 7 — —E, but 
seem to show how one may determine 7' 
(as well as any noncoulombic part of E) 
from the observed bands in solids. 

The bands in solids are representative, 
according to band theory, of the Fermi 
energy which is kinetic energy. Hence the 
average Fermi energy г, should be given by 


(9.6) 





(9.4) 


& -06« 
where 


TE (= " өл) 


2т 
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TABLE 9.1. Tota, ENERGY, BAND WipTH, WORK 
POTENTIAL IN SEVERAL METALS 


. : —Et (obs. 

Metal — e, Obersved (e.v.) |, у exo Cla 
e.v. UTD tr ae) 
Lithium 4.6 4.2 + 0.6% | 2.4| 7.06 
Sodium 3.2 3.0 + 0.21 | 2.3) 6.25 

i 13.5 + 2.58 

Beryllium | 13.8 us + 0.51 3.1| 30.65 
Magnesium | 7.2 7.321 3.5] 24.15 
Aluminum | 11.7 | 12.7, 13.9" |3.7| 55.4 
Соррег 7.05 4.4| 11.14 


t—E = Г. + e where —I, is the energy of 
the free atom; J, = first ionization potential 
Iı in monatomic metals, = J, + I3 in bivalent 
atoms, etc.; e = cohesive energy, ф = work 
potential. 


and & is the band width. Here p is the 
electron density, m the (real) electron mass, 
and h Planck’s constant. That Equation 
(9.7) properly expresses the band width in 
those cases (some alkali and alkaline earth 
metals and aluminum) where one can 
measure e, by the soft X-ray emission 
spectra is shown in Table 9.1. 

Now from Table 9.1 one observes that 
— &/ E is 0.39, 0.31, and 0.38 for the three 
monatomic metals lithium, sodium, and 
copper, respectively; the band-theory con- 
dition Т = & certainly does not agree with 
the virial-theorem relation 7 = —E in 
these metals, or any others, for that matter. 
Figure 9.1 shows experimental band energy 
and total energy relations in four representa- 
tive metals from which one may compare 
these relations. This situation cannot be 
attributed to an effective electron mass m* 
which differs considerable from the real 
mass because Equation (9.7) actually 
expresses accurately the band width only 
by use of m* = m. Frenkel" suggested the 
electron-wheel concept to account for the 
difference —(E + &). In this concept the 
electrons are supposed to have an additional 
kinetic energy not measured by band rela- 
tions corresponding to rapid rotation in each 
unit cell and only а translational energy 
component of &. This does not seem con- 
sistent either with the requirement m* = m 
of the observed band width. 
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Figure 9.1. Band energy, work potential, and total energy relations in some representative Metals 


In view of the theoretical condition Т = 
—E, one might, on the other hand, interpret 
the bands in solids as merely a rotation of a 
(positive) band describing kinetic energy 
about the zero (or free-electron) level into 
the negative-energy region. This is the ex- 
pected condition if T = —E were obeyed. 
Moreover, as shown in Appendix III, it is 
the expected results from quantum me- 
chanical considerations even though T + 
— E. Then one would obtain 


T-éóte-:« 


where є is the energy measured from the 
bottom of the band. Assuming also that 
the average of the band occurs at je, in- 
stead of 0.6 es, as shown in Appendix III, 
one then would obtain 


(9.8) 


T=o+ te (9.9) 
Clearly even this definition of T does not 
agree with the expected result 7 — —E; 


the ratio (6 + 3e)/ | Е | is always appre- 
ciably less than unity, e.g., 0.67, 0.62, and 
0.71 for lithium, sodium, and copper 
respectively. 

In Appendix III quantum mechanical 
evidence is given that Equation (9.9) gives 
the correct kinetic energy and that the 
difference — E — ($6 + е) i is a noncoulombic 


jtized by GOC gle 


energy associated with nuclear vibrations. 
This was, in fact, predicted earlier from the 
theory of the noncoulombic constraint 
virial (see Reference 5). That this may 
indeed be true is indicated by the fact that 
Equation (9.9) agrees with the kinetic 
energy computed by the Fermi-Thomas 
statistical model” 


30M 
= 3 
Then, owing to Equation (9.7), one also 


should find in one-electron-per-atom bands 
the interesting condition 


(9.10) 


$ = te (9.11) 


Equation (9.11) may be seen to agree 

approximately with observations (cf. Table 

» ie Appendix III shows, moreover, that 
= 2e., giving, therefore 


e 76 de (9.12) 


These relations, while presented in this 
section on an empirical basis, are all appar- 
ently completely justified by the quantum 
mechanical considerations presented in 
Appendix III, where it is also shown that 
the bands in solids are impressed simply by 
the normal modes of vibration of the solid 
(nuclear vibrations) and are not actually 
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TABLE 9.2. LINEAR-EXPANSION COEFFICIENT ОР METALS 








Metal тек) a' (calc.) a'(obs.) Metal тек) «/(са1с.) a’(obs.) 
Coppert 20 0.35 Lithiumt 298 29.3 56.0 
50 4.1 4.1 Sodiumt 298 42.9 71.0 
75 8.3 7.0 Goldt 298 14.4 14.2 
100 11.2 10.1 Magnesiumt 298 24.7 26.0 
125 13.1 12.0 Calciumt 298 27.1 22.0 
150 14.3 13.7 Zinct 298 27.2 39.7 
175 15.0 14.2 Cadmiumt 298 26.9 29.8 
200 15.6 15.0 Aluminumt 298 20.5 25.5 
225 16.0 15.5 Tint 298 17.1 23.0 
250 16.3 16.0 Leadt 298 27.8 29.3 
273 16.5 16.5 
300 16.7 AR 
500 ins T Rew. Me) Rag, (be) 
1000 17.5 
Silvert 100 13.6 14.1 Lead$ 4.6 —9.7.107* —2.107* 
200 16.0 18.1 5.3 —8.2-10- —1.10-* 
273 16.5 19.5 7.26 = Tue 0.0 0.0 
300 16.6 19.2 10 2.5.10 1.5.1077 
Iront 175 9.8 9.1 15 1.5-10-* 1.5-10-* 
225 10.8 10.5 20 3.9.10-8 4.1:10** 
273 (11.5) 11.5 25 7.3.107* 
373 12.7 12.7 27 8.8.10-* 8.8.107*: 
573 15.5 15.0 


+ Froma’ = C/2| 6 + т . Data from ‘‘Metals Handbook,” Am. Soc. Met., Cleveland, 1950. 


t Using а’ (273°К) to compute 27. Data from Н. С. Dorsey, Phys. Rev., 25, 88 (1907). 
$ From Equation (9.4). Data from J. С. McLennan et al., Trans. Roy. Soc. Canada, 25, Sec. 3 (1931). 


the result of a molecular “Pauli exclusion 
principle." In the following comparisons of 
experimental a’ data with Equation (9.5), 
Equation (9.10) was therefore used to define 


Table 9.2 shows comparisons of results 
computed by Equations (9.5) and (9.9) 
with experimental linear-expansion coeffi- 
cients. (The Debye theory may here be 
used for C if desired, in order to make the 
computation of а’ entirely theoretical.) 
One will observe from these results that 
Equations (9.5) for a’ [using Equation (9.9) 
for T and Equation (9.7) for ej] gives with 
surprising accuracy the absolute value and 
the temperature coefficient of а’. This 
theory of а’ should be corrected for the 
influence of thermodynamic defects (e.g., 
Schottky holes) which should become im- 
portant near the melting point. Far below 
the melting point, however, the contribution 
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of crystal defects to o' is negligible. The 
use of Equation (9.9) in general gives much 
better results as regards a’ [Equation (9.5)] 
than the condition 7 = —E; the use of 
T = —E in Equation (9.5) gives a’ values 
from 35 per cent to several times too low 
in all cases. Thus the thermal-expansion 
data themselves provide evidence for the 
validity of Equation (9.9). Also in cases 
such as sodium, lithium, and zinc where 
a' (calculated) was much smaller than o' 
(observed), one can account qualitatively 
for the difference by the theory of crystal 
defects. Metals with low cohesive energies, 
low melting points, and/or weak bonding 
along at least one of the translation vectors 
describing the crystal lattice should develop 
appreciable numbers of thermodynamic 
imperfections which, in turn, will signifi- 
cantly affect the thermal-expansion coeffi- 
cient. 
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Compressibility 

The fundamental principles described 
above are applicable in describing quantita- 
tively the compressibility В = — (dV / Vdp). 
As in thermal expansion, the orbital volume 
may be related reciprocally to the kinetic 
energy Т, and the compression to the change 
in kinetic energy in the orbitals due to the 
applied pressure. If AT is the increase in 7 
per mole due to an applied pressure, one 
may write АТ = —(3)RFN where F is the 
total force (negative for compression) 
applied to an atom in the metal along each 
of the three principal axes, N is Avogadro’s 
number, and Ё is the average diameter of 
the atom. The relative compression is 
determined by that of the valence orbital 
shell of the atom. Since the core or inner 
electrons will also take up some of the force 
and total АТ, one must evaluate that part, 
F, and AT, of the total F and AT, that 
goes only into the outermost or size-de- 
termining orbital. Thus, F = X Fi, 
where F; is the effective force applied on 
each of the z electron orbitals by the total 
force F. Hence using АТ, in place of H in 
Equation (9.4), one obtains for the linear 
compression: AR/R = -АТ,/2Т = 
3RF,N/4T, giving В = —9RM N" /4р Te, 
where M is the atomic weight, p; is the 


density, and e = 1 + х F,/F, . Since 
2 


F = ФЕ. = p/n” = p(M/Np)!^, 
one therefore obtains 


B = 2X 107* ЕМїз/Трү* (9.13) 


for R in A, T in e.v., and p, in g/cm *. 

To estimate ф it is here assumed, in 
accord with Equation (9.10), that F; varies 
is fi, where F; is the effective average 
orbital radius of the Ив electron. Then 
from the Fermi-Thomas model one obtains 


F;/F, = E,/E;, and e = 1 + > E/E;, 


where E; is the electronic energy level of 
the ith electron. Since each orbital in a 
closed shell contains two electrons of oppo- 
site spin, one may evaluate Ej/E; by con- 
sidering electrons in the core in pairs assum- 
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ing perfect screening by inner filled orbitals. 
The only difficulty comes in knowing E; 
for $ less than about 6. Fortunately one 
may frequently determine these E,;’s from 
measured ionization potentials, taking into 
account the valence structure of the atom. 
It is, of course, important to know whether 
valence electrons are coupled as in helium 
(two electron bonds) or are uncoupled in 
effectively single electron bonds as in 
metals. The ф'в are sufficiently sensitive 
to the type of coupling that one should 
have little difficulty in deciding the valence 
structure from the observed 8, (the zero 
pressure value of 8). This is justified from 
the excellent agreement in cases where 
there is no uncertainty in this factor, e.g., 
in lithium and sodium. One finds, e.g., that 
the outer electron of aluminum should be 
treated as а one-electron bond with two 
underlying coupled electrons, rather than 
to assume that all three valence electrons 
have equal energy. 

Our interest here concerns В at very high 
pressures. It may be obtained from the 
value at atmospheric pressure В, and the 
variation of R, T, and e with pressure by 
the application of Equation (9.13). If one 
assumes that only E; is influenced signifi- 
cantly when pressure is applied, one finds 
that 


8 a+ | а -s [^5 ы! 
“© ap PTEE], T AE dp 


lof 19 > [12V 
— — = — — а = o —— 
Т др = F a+ | dr 


2 oV 1 
“ы а 
+ ( 3] Р 


Р 
= 9. - | ap ap 


ND) 
ЗУ др 


Hence, taking а = 2-33 — 0-67y,', one 


obtains 


В = 8, È (—ag.p) (9.14) 
i=l 
Mott and Jones showed that the В(Т) 
relation is 
zr 


—aV? d! In » 
BoT Y 


ауз ' 
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where a is the volume-expansion coefficient. 
andy = aV, C = —d № v/d № У, v 
being the characteristic frequency and С the 
heat capacity. Hence, applying the above 
theory one obtains the relation 


d ln 8/dT = aa = 3aa'. (9.15) 


Bridgman's results are expressed by the 
equation В = a’ X 10 — 2b X 10 "p 
and apply up to about 50 to 100 kilobars. 
Hence one expects to find 8, = a’ X 10” 
and 8% = 2b x 10 ". Table 9.3 evaluates 
this comparison and shows that the theoreti- 
cal values of @ are in remarkable agreement 
with a’-10-’. The ratio 2b X 10 "/ag; 
(theoretically unity), moreover, ranged 
from 1.0 for strontium to 12.6 for platinum. 
This indicates that the  semiempirical 
method used here for the pressure coefficient 
of 8, while not exact, is correct as to order 
of magnitude. Finally for the ratio V/V, 
one obtains 


V/V, = exp | > Coni (9.16) 


The foregoing provides all that is needed 
theoretically to evaluate the equation of 
state of solids in the range encountered in 
the shock loading of solids by detonation 
waves from all but atomic explosives. The 
theoretical temperature coefficient of В 
from Equation (9.15) is compared in Table 
9.3 with results discussed by Mott and 
Jones." Again order-of-magnitude agree- 
ment is obtained. 


Influence of Inert Additives on the 
Detonation Velocity of Ideal Ex- 


Ch. 4, Ref. 11 
plosives 


Using the covolume equation of state in 
conjunction with the hydrodynamic theory, 
the ideal detonation velocity is given as 
shown in Chapter 4, by 

D = (ш — a)! (8 + 1) (пВТ:)' 18-1 
where В is here, В = (С, + nR)/C, — 
(да / оз), . In what follows a starred term 
will refer to the pure explosive and the 
corresponding unstarred one to the corre- 
sponding explosive combined with an inert 
additive. If a pure explosive and one con- 
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TaBLE 9.3. COMPARISONS OF THEORETICAL AND 
OBSERVED (BRIDGMAN’S) COMPRESSIBILITIES 











2b 
Solid Фо а =) $ 3c irina 

Copper 3.5 0.92 3.7 
Silver 4.4 1.07 4.9 
Lithium 1.14 1.008 1.5 
Sodium 1.51 1.08 1.5 
Beryllium 2.15 0.85 3.2 
Magnesium 2.13 0.96 2.0 
Calcium 2.2 0.98 1.4 
Strontium (1.0) 1.0 
Barium (1.0) 1.14 
Aluminum 2.10 0.96 2.5 
Silicon 4.75 0.84 

Iron (1.0) 5.6 
Platinum (1.0) 12.6 
Diamond 2.92 1.0 

< iod Ks ited Observed 

Lithium 0.40 0.77 0.71 
Sodium 0.62 1.03 1.20 
Calcium 0.41 0.33 0.60 
Aluminum 0.31 0.38 0.55 
Lead 0.42 0.44 0.56 





taining an inert additive are compared for 
the same free space, one may take В = 6*, 
especially since the term (8 + 1)/8"” is 
very insensitive to variations in В for the 
usual range of this variable. Comparing, 
therefore, a pure explosive with the ex- 
plosive-inert mixture, one thus obtains 


D/D* = A(nT2)"2/A*(n*T2)"2 (9.17) 


where А = 1/(1 — ар) and А* = 1/(1 — 
a*p,). Making use of the covolume equation 
of state [a = a(v)], one may express the 
detonation temperatures for the two cases 
as follows: 


Т. = (Q+ C.T)/(C. — nR/28); 

Ti = (Q* + СТ) (С — n*R/28*). 
Since, for a strictly inert mixture, C, = 
N.C*, О = М,0*, and п = N,n* and 


В = B*, one may equate T, to Т? and 
obtain 


(9.18) 


D/D* = (А/А*) М! (9.19) 
Likewise, since 
p? = pt D*(n*RT2)"/2/p'/2 (9.20) 


UNIVE 
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one may write 
p:/p? = piDN V / pt D* 


The covolume of the explosive-inert mix- 
ture upon which A depends may be taken 
as the sum of the covolumes of the detona- 
tion products and the volume of the inert. 
Thus 


а = ag + ay = 


(9.21) 


Nua*(p) + Укр), 


where a* applies to the pure explosive and 
a;(p) = Укр) is pressure dependent through 
the appropriate compressibilities. The former 
may be found from a plot of pı against a* 
for the pure explosive. Since the covolume 
of the products of detonation for the pure, 
ideal explosive obeys the same a(v) curve, 
the covolume а may itself be relatively 
insensitive to composition and temperature. 
Consequently, the a*(p) plot desired for 
the solution of the explosive-inert problem 
is simply the a*(p*) plot for the pure 
explosive, and ag = N,a*(p) correspond- 
ing to the pressure pz of the mixture, ob- 
tained by use of the observed ratio p,D/ D*pr 
for the explosive-inert system. 

The covolume a; of the inert is simply 
the volume occupied by the mass of inert 
at the pressure in question and is given, 
according to Equation (9.16), by 


p 
ar = Укр) = Ув exp (- [ 8 ar) 


(9.22) 


е (9.23) 
= У», exp Р се| 


The procedure іп solving this problem is 
as follows. Assume a value of D/D*, and 
compute p/p* from Equation (9.21). One 
may then compute o; and obtain a from 
this result and as = Nwa*(p), where a*(p) 
is taken from suitable plots for the pure 
explosive. Then from Equation (9.19) one 
may compute D/D* through the definitions 
of A and A*. If the D/D* ratio does not 
agree with the assumed one, the solution is 
repeated with the new value, and so on 
until a self-consistent solution is obtained. 

Now а chemically inactive solid may be 
made to behave effectively as an inert not 
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only chemically but also thermally by 
careful selection of its particle size. For 
example, while only & small percentage of 
powdered sodium chloride is capable of 
quenching detonation in the most senstitive 
explosives, coarse sodium chloride (e.g., 
— 104-30 mesh) can be added in amounts 
up to as much as 90 to 95 per cent in the 
most sensitive explosives, such as fine- 
grained RDX, without quenching detona- 
tion. (If the inert additive is too coarse, 
detonation will propagate between grains 
at nearly the velocity of the pure explosive.) 
This shows that, in the granulation — 10-30 
mesh, the heat loss due to vaporization of 
the salt is negligible, and the salt thus acts 
as & chemically and thermally inert addi- 
tive. Results presented in Table 49%: 4. Ret. п 
show that one computes from Equation 
(9.19) D/D* values which agree within 
experimental error with the observed ones 
for inert concentrations up to 80 per cent 
by weight, by taking account only of the 
influence of the inert on the total covolume 
of the explosive-inert mixture. This shows, 
moreover, that, for inert solid additives of 
particle size sufficiently large that no 
appreciable heat is absorbed in the reaction 
zone of the explosive, the only influence of 
the additive is its covolume a; which may 
be computed with sufficient accuracy by 
means of the above theory of compressibil- 
ity. 

A corollary of these observations and 
computations is that it should be possible 
to determine the compressibility of inert 
solids by observing the detonation velocity 
of explosives with the maximum amount of 
additive for which ideal, diameter-inde- 
pendent velocity is observed. Measurements 
have shown that one may add more than 
80 per cent inert additive of appropriate 
particle size to fine-grained RDX in 5-cm- 
diameter charges before any evidence for 
nonideal detonation is observed. Now D 
varies as (v, — а)! where v, — a in a mix- 
ture of 20 per cent RDX and inert is in 
the range 0.1 to 0.2 liter/kg, depending on 
the density of the inert. On the other hand 
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TABLE 9.4. DETERMINATION OF В, OF SOLID FROM D/D* Ratio IN А 20/80 RDX-So.tip MIXTURE 


RDX-Send p D(observed) a*N. ar D/D*(calculated) | D/D*(observed) 
100/0 1.14 6,420 0.5 1.0 1.0 
90/10 1.20 6,620 0.462 0.35 1.02 1.03 
80/20 1.27 0,395 0.412 0.070 0.99 0.995 
70/30 1.30 6,030 0.304 0.104 0.92 0.94 
60/40 1.41 5,830 0.300 0.148 0.92 0.91 
50/50 1.50 5,730 0.260 0.174 0.87 0.89 
40/60 1.60 5,405 0.210 0.208 0.82 0.84 
30/70 ? 5,030 0.160 0.243 0.77 0.78 
20/80 1.88 4,270 0.110 (0.278)t (0.665) 0.665 


1 Gives В. = 9-10: atm". 


ar for a solid of density about 2.5 will be 
in the range 0.25 to 0.4. But one may meas- 
ure velocity with an accuracy of better 
than +2 per cent in such a mixture. Now 
а 1 per cent compression of a solid of density 
2.5 g/cc will reduce the detonation velocity 
in an explosive containing 80 per cent from 
2 to 4 per cent. Hence one should be able 
to determine compressions of such inert 
additions from the measured detonation 
velocity within about 1 to 2 per cent total 
compression. Since, at the detonation 
pressure of a 20 per cent RDX-80 per cent 
inert mixture, even such relatively incom- 
pressible substances as copper undergo 
about 5 to 10 per cent total compression, 
one should then be able to determine 6, 
in such inert solids with an accuracy of 
better than about 10 per cent from the 
measured velocity and the above theory. 

Table 9.4 gives ап example of the appli- 
cation of the measured detonation velocity 
in the determination of the compressibility 
of sand in а 20/80 RDX-sand mixture. The 
value В, = 9.10 * atm ! was found from 
the observed velocity of the 20/80 mixture. 
Velocities for other mixtures of lower sand 
content, given also in Table 9.4, were 
eomputed from the measured compressibil- 
ity in the 20/80 mixture and compared 
with observed velocities. The agreement is 
excellent. Examples of calculated versus 
observed D/D* values, using the theory of 
compressibility presented here, are shown 
in Table 9.5. These results were taken from 
Reference 11 in Chapter 4. 
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Thermal Effects of Shock Waves in 
Solids* 


Some progress in the understanding of 
metal behavior under the influence of 
explosive-induced shocks has been made on 
the basis of & hydrodynamic theory. Since 
shock pressures may attain several hundred 
times yield points of the metals, a fluid-type 
equation of state is frequently considered 
applicable. In the low shock-pressure range, 
however, the effects arising from material 
rigidity may limit the application of the 
assumption of hydrostatic repartition of 
pressure. Because an initial disturbance 
may split into two or more transient dis- 
turbances which separate as time increases 
(e.g., elastic or plastic waves with higher 
velocity than shock velocity), the shock 
wave, in order to be stable, must have a 
pressure above a certain threshold. This 
von Neumann criterion for stability of a 
shock wave limits, therefore, the validity of 
the hydrodynamic assumption. Further- 
more, the abrupt changes in media, e.g., 
between explosives and metals, determine 
by boundary conditions the amplitude of 
pressure and the length of the shock wave 
transmitted into the metal. 

By impact loading, a shock wave may be 
induced into an inert, solid medium. Across 
the discontinuity surface the medium 
undergoes sudden and important changes 
in particle velocity, pressure, and tempera- 
ture. The shock and the particle velocities, 
which describe the propagation of the shock 
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TABLE 9.5. COMPUTED VERSUS EXPERIMENTAL VELOCITIES FOR EXPLOSIVE-INERT MIXTURES 
D = Dio + 8 (ра == 1-0) 








D1.0(m/sec) S(m/sec/g/cc) 
Explosive s р 
(calc) — (calc) єз 

100/0 TNT + saltt (5,010) 5,010 (3, 225) 3,225 
90/10 TNT + salt 4,710 4,660 3,265 3,340 
80/20 TNT + salt 4,405 4,305 3,330 3,410 
70/30 TNT + salt 4,050 3,950 3,435 3, 220 
60/40 TNT + salt 3,610 3,600 3,610 3,560 
50/50 TNT + salt 3,070 3,245 3,840 3,650 
40/60 TNT + salt 2,415 2,980 4,145 3,740 
100/0 50/50 ‘‘Pentolite” + salt (5,480) 5,480 (3,100) 3,100 
80/20 50/50 ‘‘Pentolite’”’ + salt 4,900 3,120 
70/30 50/50 ‘‘Pentolite’’ + salt 4,600 4,590 3,190 3,200 
54/46 50/50 ‘‘Pentolite’’ + salt 3,885 3,780(1.85) 3,420 
40/60 50/50 ‘‘Pentolite’’ + salt 3,070 3,000 3,735 3,500 
100/0 RDX + salt (5,900) 5,900 (3,570) 3,570 
70/30 RDX - salt 4,935 3,095 
40/20 RDX + salt 3,300 3,535 
20/80 RDX + salt 1,730 4,180 
RDX - salt p D(calc) D(obs) TNT + glass pi (calc) D(obs) 

70/30 1.33 5,930 5,825 80/20 1.0 4,260 4,200 

40/60 1.51 5,150 5,100 40/60 1.34 3,190 3,350 
КОХ + glass ТМТ; + copper 

80/20 1.34 6,165 6,150 D(calc) — 6,900 — 2,760z 

60/40 1.48 5,520 5,590 (р, = 1.59 + 1.32 + z? + 22?) 

1.76 4,990 5,100 


40/60 С 


TNT1 PbSO, 


D(calc) = 6,900 — 2,4802 


(pı = 1.59 + z + 1.62?) 


1 8. data used: copper: 7.8 X 1077; salt: 4.18 X 10-8; PbSO, : 1.94 X 1075; glass: (а; = aro). 
1 Agreed within +200 m/sec from №, = 1.0 to 0.27 (data in classified literature). 


phenomena, are governed by a set of jump 
conditions representing the three conserva- 
tion laws and the entropy change, since а 
supersonic shock is an irreversible process.’ 
The particular behavior of each medium is 
determined by an isothermal or an adiabatic 
p-v curve and the specific heat. The jump 
conditions follow the Rankine-Hugoniot 
(R-H) equation to give the change of 
internal energy as a function of the initial 
and final values of the volume and the 
pressure. That is, E; — Е, = $(рз + p): 
(vı — 1). The pressure in the compressed 
state is higher than would be found in 
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adiabatic compression, because of the higher 
temperature due to the increase of entropy. 
When the material has been relieved 
adiabatically to initial pressure, the final 
temperature T;(v;) is then greater than the 
initial one. The Hugoniot equation is 
therefore, related to the isothermal and the 
adiabatic p-v curve by a difference of pres- 
sure, owing to this increase in temperature. 

A theoretical study by Duvall and 
Zwolinski? pointed out the relationship 
between the different p-v curves and their 
application in metals to shock-wave phenom- 
ena. The basic idea is that the internal 
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energy, given by 


т v 
E= f C. aT + Í (T(ap/aT), — pl d» (9.24) 


is separable into a temperature term and a 
volume term as long as p has the form 
р = fv) + Tor) (9.25) 


Then, by integration along the path ABC, 
Figure 9.2, the entropy at C is obtained 
— 
РН! 
S. Se = [| (ав/әр), dp 


Ped 


which can be expressed, by use of thermo- 
dynamic identities, more conveniently as 


follows: 
PH! 
Se — Se = [ 
Ped 


C, dp 


Т(эр/әТУ, (9.26) 


The evaluation of the integral in Equation 
(9.26) can be accomplished when the shock 
pressure is determined and a form is assumed 
for the equation of state. The pressure 
along the Hugoniot curve can be computed 
by combining the R-H equation with 
Equations (9.24) and (9.25) to give 


Pat = Piso 


1 v0 
+ [; 9(0) (ve — v) Piso — | f) a] A бй 


Си = go (vo = о) /2С.] 


where 
Piso = f(v) + T.g(v) 


Now from these relations it is possible to 
calculate (1) the temperature in the com- 
pressed state and (2) the temperature of 
the material after returning to the initial 
pressure. The temperature in the compressed 
state is given by combining Equation (9.27) 
and the following relation 


Ри: — Piso | o = (@p/aT),-AT |, (9.28) 


The final temperature of the adiabatically 
relieved material is obtained from the 
increase in entropy across the shock front, 
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р 





Figure 9.2. Integration path for determination 
of entropy change in a shock (after Duvall and 
Zwolinski). 


using the thermodynamical relation 
log T/T. = (Sı — 8)/C, (9.29) 
This treatment requires an assumed form 
of the equation of state. According to the 
Pack, Evans, and James equation [Equation 
(9.1), the final increase of temperature 
may be computed for iron, lead, copper, 
and aluminum from the following: 
Metal Iron Lead Copper Aluminium 
T/(1 — p/p)? 18,800°К 15,295 18,355 12,615 


Walsh and Christian®»- 5. Bef. 13 proceeded 
in the opposite direction by attempting to 
determine an isothermal p-v curve from an 
experimental Hugoniot curve. They meas- 
ured the shock velocity D, and the free 
surface velocity which they assumed to be 
approximately twice the particle velocity. 
Then from the jump conditions and the 
Hugoniot curve, an isothermal equation of 
state was obtained. The equation 


з idi 
E- [ T dS — Í p dv (9.30) 
81 1 


together with Equation (9.20) and the R-H 
equation, permitted the determination of 


8з 
T dS 


81 
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and the calculation of the temperature along 
the Hugoniot curve by the resultant integral 
relation 


Talva) 


= Tio + em i ke J (9.31) 
Ht 


where 
b = (ap/aT),/C, 


and 
1 fa 1 
uv») - ЧӨЛ (vi =. v) + 2? 


Both (9р/дТ), and С, were assumed 
constant. Equation (9.28) then gave the 
isothermal curves. On the other hand, the 
final temperature T;(v) was obtained by 
the equation 


Tim) = Treo) (9.32) 


where T; and v; are initial conditions at some 
point on the adiabat, with 


(и — v)» = Зла" (Ti — Т)л (9.33) 


where à' is an average value of the coeffi- 
cient of linear expansion. 


Stability of a Shock Wave in an Inert 
Solid 


The von Neumann criterion for stability 
of а shock wave which raises the pressure 
from р; to p is that this shock wave cannot 
be split into two disturbances which separate 
as time increases." In other words, for any 
Shock wave which raises the pressure from 
pı to p’, where р’ has any value in the range 
p < р < pi, the velocity D'(p' must be 


TABLE 9.6. THRESHOLD VELOCITY AND PRESSURE 
or A Вноск Wave IN Iron, Leap, COPPER, 
AND ÁLUMINUM 


1/at dynes/cm? | р » rahe (mega- 

(m/sec) | bars) 

Iron 0.59 X 107! 7.8 | 0.28| 6,005 0.45 
Lead 2.42 X 10 11.34| 0.45 2,031 0.03 
Copper .78 X 101 8.96] 0.33] 4,806] 0.27 
Aluminum [1.39 X 10-3 2.7 | 0.33] 6,346] 0.15 


f The bulk modulus is the reciprocal of the 
compressibility. 
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less than the velocity D(p). There the effects 
of material rigidity bring into play the 
elastic and the plastic waves. The elastic 
disturbance in which the displacement is 
wholly in the direction of propagation of 
the wave has а velocity given by 
3x(1 — ») p^ 
Уза = E т | 
where к is the bulk modulus of compression 
and » is Poisson’s ratio. The velocity of 
this elastic plane wave is, for the metals 
involved, greater than the velocity of the 
plastic wave and thus determines the 
threshold for a stable shock wave within 
the flow. Table 9.6 gives the computed 
critical velocities. On the other hand, the 
Shock wave moves with а velocity D into 
a metal at rest, and its specific volume is 
changed from v; to v in the pressure jump 
to p. Then the conservation of mass and 
momentum yields 


— — "ү". 
v-v 
If one assumes that the difference between 
the Hugoniot and the isothermal p-v curve 
is negligible, the equation of state [Equation 
(9.1)] of Pack, Evans, and James supplies 
the necessary additional information to 
correlate the density change with the 
pressure. When the shock-wave velocity is 
equal to the plane elastic-wave velocity, 
Equation (9.35) then yields the threshold 
values of the shock-wave pressure, which 
are entered in the last column of Table 9.6. 





(9.34) 


Explosion of Solids in High-Velocity 
Impact 


The penetration into a metallic target is 
an amazing phenomenon. For example, 
consider а 4.1-cm-diameter, 12.5-cm-long 
shaped charge of cast 50/50 “Pentolite” 
with a 45° conical steel liner, 4.1 cm in 
diameter at the base, with a weight of 28.9 
g and a 0.094-cm wall thickness. This 
charge theoretically produces a jet no 
larger than about 2 mm in diameter, weigh- 
ing about 5 g and having a jet velocity 
about 7,500 m/sec at the front, decreasing 
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uniformly to about 500 m/sec in the slug" 
(see Chapter 10). With a standoff of 10 
cm, this jet produced an 8-cm (maximum 
diameter), 24-cm-deep hole in a lead target. 
The results of the steel-jet penetration into 
a lead target producing this change may be 
divided into three main stages: (1) In the 
first 1 to 2 cm of penetration, the lead target 
lost weight (about 30 to 35 g). (2) After 
this distance, no weight was lost, but the 
hole produced by the jet had a slowly 
decreasing diameter from the maximum 
value of about 8 cm to a value of 6 cm at 
14 cm depth, and smaller for greater depths. 
(3) The last part of penetration was clearly 
made by separate, discrete particles each 
having produced distinct, successive cavities 
of decreasing size toward the bottom of the 
hole in the target. Here only phenomenon 
(1) will be considered; phenomena (2) and 
(3), together with a more quantitative 
treatment of (1), are discussed in Chapter 
10 after developing the necessary hydrody- 
namic equations applying in this case. 

The shaped charge described above was 
placed above a target made of eight circular 
15.5-cm-diameter, 1.5-cm-thick lead plates. 
А steel plate with a 1.9-cm-diameter hole 
centered along the longitudinal axis of the 
charge supported the shaped charge above 
the lead target. The standoff was 1.8 cm. 
Figure 9.3 shows half of the target after 
the shot, the cut being through a cross- 
section. The first plate lost 27.7 g and the 
second plate lost 7 g. The other plates 
showed no weight difference larger than 1 g. 
Another experiment was carried out under 
similar conditions, except that the top plate 
was lead, the next was steel, the third was 
lead, etc. Figure 9.4 shows half of this 
target (after the shot) again sectioned 
through the center. The first circular 15.5- 
em-diameter, 1.59-cm-thick lead plate lost 
30 g and the second lead plate lost 5.2 g. 
The steel plates, however, showed no weight 
loss. Moreover, with the lead target, fused 
lead on the inside surface of the hole and 
molten lead on and surrounding the target 
were observed. 

Framing-camera studies of jets striking 
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Figure 9.3. Photograph of a stack of lead plates 
penetrated by a jet from a conical steel liner 
(15.5-cm d, 1.5-cm-thick plates). 


iu WE 





Figure 9.4. Photograph of a stack of plates (al- 
ternately lead and steel) penetrated by a jet from 
a conical steel liner. 


some targets were carried out in the author's 
laboratory. Figures 9.5 and 9.6 show selected 
frames of a jet, of the type described above, 
striking circular lead and “Латас” targets. 
The photographs showed that the color of 
the cloud exploding out of the target was 
quite different from the somber cloud around 
the jet or the gases from the explosion. An 
explanation of target explosions of the type 
shown in Figures 9.5 and 9.6 is given in 
Chapter 10. 


Cratering by Ultra-High-Speed Pellets 


Single particles with velocities in the 
range 2 to 5 km/sec generated by shaped- 
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Figure 9.5a. 


Figure 9.55. 


Figure 9.5. Photograph from a framing-camera sequence of a lead target struck by a jet from a 


conical steel liner (original in color). 


charge methods were reported by Allen, 
Rinehart, and White,’ using a method 
developed by Pugh and associates at 
Carnegie Institute of Technology. Similar 
techniques have been employed in the 
author’s laboratory to produce velocities up 
to 7.6 km/sec. These velocities were achieved 
by impacting a 1-g tapered conical pellet 
(base diameter $$ in., outside cone-surface 
angle 120?, inside cone-surface angle 150?) 
with a re-entrant wave. The re-entrant 
wave (Figure 9.7a) was achieved in a 5-cm- 
diameter charge by causing the detonation 
wave to pass through a solid-glass cone 
placed base foremost (diameter 4.4 cm and 
height 2.5 cm) 4 cm ahead of the pellet 
(Figure 9.7b). The shaping of the pellet is 
important in helping it to hold together 
during impact loading. The particular wave 
shape used apparently allows the pressure 
to build up somewhat more gradually and 
to continue to apply on the pellet for a longer 
time than with a plane detonation wave. A 
velocity of 7.2 km/sec was obtained by the 
assembly of Figure 9.7b. More recently an 
improved charge using a steel wave shaper 


кь Google 


(Figure 9.7с) developed a pellet velocity of 
7.6 km/sec. А photograph of the parts of 
this charge is shown in Figure 9.7d. It may 
represent about the limit of pellet velocities 
by this method. Multistage-rocket tech- 
niques for the production of earth satellites 
are therefore required to produce higher- 
velocity, controlled, single-particle projec- 
tiles. 

The highest velocity discrete particles 
known are the meteors, some of which enter 
the earth's atmosphere at velocities as high 
as 73 km/sec." Unfortunately, these ultra- 
high-speed particles are not directly avail- 
able for use in studying high-velocity impact, 
aside from the availability of study of the 
numerous meteor craters on the earth and 
the moon. Multiple-particle streams or jets 
of velocity considerably greater than 7.6 
km/sec may, however, be achieved by 
detonating explosives using shaped-charge 
methods. Koski, Lucy, Shreffler, and Willig” 
reported fast jets up to 90 km/sec, (with 
beryllium) using shaped-charge techniques. 
These jets, however, were gaseous rather 
than particulate. The highest velocities 
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Figure 9.6a. 





Figure 9.6b. 
Figure 9.6. Photograph from a framing-camera sequence of “Латас” target struck by a jet from a 
conical steel liner (original in color). 


possible with particle jets have not definitely cratering by particles in the velocity range 
been established, but solid-particle jets of from 1 to 4 km/sec and were able to observe 
velocities up to about 10 km/sec have been in this range a striking transition in the 
observed. mechanism of penetration in paraffin from 

Van Valkenburg and co-workers? studied a long, narrow hole with low-velocity 
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particles to а short, much wider target 
crater with high-velocity particles up to 
nearly 4 km/sec. They introduced wax 
models in order to determine the influence 
of velocities in the range of the shock 
velocity in the target, taking advantage of 
the low acoustic velocity of wax. Laws of 
low-velocity impact are well known from 
studies of ballistic missiles. In the ultra- 
high-velocity (supersonic) range the mecha- 
nism is not yet well understood. The hydro- 
dynamic theory of jet penetration discussed 
in Chapter 10 applies apparently quite well 





Figure 9.7a. 
BOOSTER 
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in the range between the relatively low 
velocities studied by Van Valkenburg et al. 
and the considerably higher velocities at 
which the targets begin to vaporize appre- 
ciably. For still higher velocities perhaps a 
purely explosive mechanism will apply, as 
suggested by Baldwin.” This is suggested 
also by the studies of Rinehart,” who 
concluded that the volume of the meteor 
craters is directly proportional to the kinetic 
energy of the meteor. It is further considered 
in Chapter 10, following development of the 
hydrodynamic penetration theory. Indeed, 
the shape of meteor craters resembles 
closely those produced by detonating high 
explosives on or just below the surface. 
Moreover, phenomena associated with ultra- 
high-velocity impact on metallic structures 
described in classified literature may perhaps 
be understood as secondary explosions of 
the target or projectile material (usually the 
latter) such as are illustrated in Figures 9.4 
апа 9.5. For example, so called *'vaporific 
effect" produced when an aluminum jet 
strikes at a velocity in the range of 5 to 7 
km/sec, а thin aluminum target was initi- 
ally considered to be an explosion resulting 
from aluminum-oxygen reactions, after the 
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Figure 9.76. 
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Cross-section of charge yielding 
pellets of velocity 7600 m/sec 


Figure 9.7c. 
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Figure 9.7d. 
Figure 9.7. Charge and streak-camera trace of detonation wave front achieved by using a solid 
conical glass insert 4 cm in front of pellet. 


aluminum was sufficiently pulverized and 
dispersed in air to produce an explosive 
aluminum-air mixture. Further study indi- 
cated, however, that vaporific effect was 
possibly simply the secondary explosion of 
the aluminum projectile caused by sudden 
vaporization upon impact. 

Jet-penetration data" show that shaped- 
charge jets, of velocity ranging from about 
7.5 km/sec at the front to 2 km/sec at the 
rear, have penetration velocities ranging 
from about 2.5 km/sec corresponding to the 
front of the jet to 0.6 km/sec from rear jet 
particles, the penetration velocity appar- 
ently varying almost linearly with jet 
velocity in this range of velocities. Extrapo- 
lating these results, one would predict that 
the penetration would become supersonic at 
particle velocities from about 10 to 15 
km/sec. Then the heat generated by impact 
would be proportioned between the particle 
and only a very limited (perhaps an almost 
comparable) mass of target, namely that 
mass of target required to stop the particle. 
But at, say, 20 km/sec the kinetic energy 
of a particle would be enough to vaporize 
23.5 times its weight for aluminum into 
aluminum impact, 28.2 times its weight for 
an iron into iron impact, 37.8 times as much 
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for copper into copper, 210 times as much 
for lead into lead, and 110 times as much 
mass as the incident particle for zinc into 
zinc impact. (As shown in Chapter 10, 
only about one-fifth this much material will 
actually be vaporized.) Evidently, therefore, 
somewhere within the range ve < v < 15 
km/sec, impact of particles into targets of 
the same material will invariably cause 
secondary explosions, irrespective of what 
metal is involved. 


Ablation of High-Speed Particles in Air 


Ablation of high-velocity and meteoric 
particles is important in detonation studies 
because it provides a direct means of observ- 
ing the Eyring surface-erosion mechanism. 
That meteoric burning is a surface phenom- 
enon only, and that ablation removes 
practically all heat generated by frictional 
drag leaving no heat to penetrate ahead of 
the ablation zone are well established. 
Meteors found on the earth’s surface fre- 
quently show that the heat wave never 
penetrated more than a very thin layer of 
the surface despite evidence of considerable 
erosion. This phenomenon has been con- 
sidered by Cook, Eyring, and Thomas.” The 
essential parts of their treatment of meteor 
ablation are reproduced below. 
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Heat transfer rate is expressed by the 
equation 


Heat transfer rate = H4 = 4Apav?A (9.35) 


where p, is air density, v the meteor velocity, 
A the meteor projected area perpendicular 
to v, and A the heat-transfer coefficient. 
The meteor analysis assumed A to be 
constant. The mass loss is then taken to be 


dm _ Hz 


d (9.36) 
where { is the energy required to vaporize 
1 g of meteoric material from the initial 
temperature of the meteor and is also 
assumed constant. 

It is evident a-priori that, while A may 
be а slowly varying function, particularly 
in regions where the incident gas atoms have 
energy nearly equal to the vaporization 
energy for the meteor atoms, the region 
over which Equation (9.35) may be used 
with constant A is limited. For the case of 
small velocity, the expression for the heat 
transfer must involve the temperature 
difference between gas and solid. This 
region is that of the conventional aero- 
dynamic heat-transfer calculations. On the 
other hand, for very large velocity the 
incident gas atoms interact with the solid 
essentially as though it were a collection of 
free atoms, and each meteor atom acquires 
an energy considerably in excess of the 
vaporization energy. Consequently, the use 
of Equations (9.35) and (9.36) with con- 
stant A/t would lead to an overestimate of 
dm/dt. The heat transfer to the meteor is 
sufficiently great that the outer layers, 
where the interaction with gas atoms takes 
place, vaporize before any significant heat 
transfer to the interior occurs. А reasonably 
satisfactory picture of the meteor should 
therefore be one with & hot surface layer, 
from which vaporization occurs, and an 
undisturbed interior. The thickness of this 
hot layer would, for sufficiently energetic 
gas atoms, be fixed by the energy per gas 
atom. Hence, until the meteor slows down 
appreciably—only over the last small 
fraction, of its visible path—the hot layer 
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is probably of essentially constant thickness. 
One should therefore be able to regard the 
hot layer as a reaction zone, with the reac- 
tion being 


Bound meteor atom — 
free meteor atom + kinetic energy 


If one assigns a temperature Т to this hot 
layer, the standard reaction-rate theory 
gives, for the rate at which atoms leave unit 
area, with N atom/cm’ on the surface, 


Rate = =. Ме АРТ (9.37) 
where АЁ? is the difference in Gibbs free 
energy of the bound atom and of the atom 
in the activated state. Alternatively, in 
terms of partition functions, we have 


Tf 


Rate = H " ет (9.38) 
where f? is the partition function of the 
activated atom (with the contribution along 
the direction of the reaction coordinate 
factored out), f that of the bound atom, 
and є the activation energy at 0°К, i.e., the 
energy to vaporize the atom at 0°K. Hence 
the rate of vaporization from the meteor 
surface becomes 


dm _ ЛЕТ -err | 2 a 
U f e ven Зи.тн (9.39) 


where $ is the surface area, р, the density, 
and и, the molecular weight of the meteor. 
Since the vaporization occurs only from the 
leading surface of the meteor, $ is this area 
rather than that of the meteor as a whole. 

In initial considerations! T was taken to 
be a constant value at the boiling point of 
the meteor (assumed to be 3000°К) and 
f'/f = 1. As long as the available energy 
given by Equation (9.35) exceeded that 
required by Equation (9.39), it was assumed 
that Equation (9.39) gave the mass loss. 
There would therefore be a point along the 
meteor trail at which the right side of 
Equation (9.39) equaled the right side of 
Equation (9.36), and here should be the 
point of maximum light for the meteor. 
Thereafter the light should decrease with 5. 
This theory required а constant value of 
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p," at maximum light for meteors of the 
same composition. The observed values of 
ра? at maximum light showed a variation 
of about a factor of four, with the observed 
values of (рг) „ах lying between the pre- 
dicted values for pure iron and pure stone 
meteors. This assumed constant value for 
T clearly has the same limitation as the 
assumed constancy of ^/{ when Equation 
(9.36) is used and has the further limitation 
that it requires a diversion, by some means, 
of some of the available energy given by 
Equation (9.35) into other processes than 
disintegrating the meteor [because of the 
independence of Equation (9.39) on gas 
density pal. 

One can modify this earlier theory to 
remove these objections by recognizing that 
T may exceed the boiling point, in which 
case T is a variable parameter and measures 
the velocity with which the meteor atoms 
leave the meteor surface. (Also, then, а 
knowledge of T' suffices to calculate the 
momentum transfer to the meteor surface 
by the meteor atoms that leave it—the 
reverse-rocket action that is probably 
responsible for the indications from meteor 
observations of a »' resistance law.) That 
is, if one takes AH as the energy of reaction 
per atom and determines T' by the condition 
that the available energy all be used, then 
(cf. Equations (9.35) and (9.39)] 


5 m e- «hr (2y SAH = : Арь А (9.40) 
where A now is а direct measure of the 
accommodation coefficient—all the energy 
given to the surface goes toward heating it. 
The result differs from the standard meteor 
theory Equation (9.36) in the use of AH 
as temperature dependent and in actually 
fixing the temperature of the meteor surface 
with the temperature determined by Equa- 
tion (9.40) in which A or its equivalent, the 
accommodation coefficient, is the only free 
parameter. One has, for the temperature 
dependence of H, 


H = E+ PV = kT? Inf + PV (9.41) 
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Note now that AH refers to the difference in 
H calculated for the original meteoric 
material—at essentially the temperature Т; 
of the meteor before entering the earth’s 
atmosphere—and for the final meteor gas 
at temperature Т. Hence 


д (2тхКкТ)зү 
= Пт — шо сыш 
АН = kT ar In | m ] 


ð 
= ЕТ? ST In [(1 — ет) зеет) 


(9.42) 
+ PV, — РУ, 


3 
= 2T —8 (:) k6,(1 — e ^7T)31-E e ЕТ 


since V, is negligible compared with V,. 
Note now that T; is, at maximum, some 
3000°К, hence T; ~ (2)0, for iron. Hence 
the (constant) second term is less than 1 
per cent of the (constant) third term and 
may be safely neglected. Hence 


AH = є + (3)ЕТ. 


The value of the partition-function ratio 
is not obvious, since f refers to the atom 
in the solid at temperature T; and f? to the 
activated atom, with the contribution from 
the reaction coordinate factored out. As the 
atom becomes completely free of the sur- 
face, its partition function increases drasti- 
cally and becomes that for the free gas. 
However, f* does not refer to that state. It 
would seem that f'/f lies between unity 
and a value fixed by taking three degrees 
of vibrational freedom for f and two for 
f!, since the reaction degree of freedom has 
been factored out of f*. It might be argued 
that f? corresponds to the atom just free of 
the lattice, hence with lesser binding and 
greater vibrational freedom and therefore 
characterized by lesser Debye characteristic 
frequency. For this approximation, there- 
fore, 

f (1 — evi): 4 т [0\2 
— 


f = (1 — e 30. '4Т)з [^ 


‘where 6° is the Debye characteristic fre- 
quency and 6! < 6, (e.g. 0, = 453? for 
iron). Thus ft/f has a value somewhere 
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between 47/30, and 1, with the favored 
value somewhat closer to the former. It 
might be possible to decide between the two 
extreme values experimentally, using mate- 
rial of varying 0,. The difficulty here is to 
obtain observations on known bodies at 
sufficiently high velocities. Observations on 
lined shaped charges might settle the point, 
when one obtains a satisfactory theory of 
the luminous efficiency of the meteor vapor. 
For the present, one may note only the 
uncertainty in f'/f and proceed to use 
Equation (9.43) with 6! = 6, . 

The ratio A/S is the remaining unknown 
in Equation (9.40). One may simply use for 
this ratio its upper limit 1. Then Equation 
(9.40) becomes 


kT? 5 р. MP 
LL ет = — 
e : (. 3 2 er) (2) 


= 2 Арго? 


(9.44) 


From Equation (9.44) one determines Т 
and hence the rate of mass loss by the 
meteor. Making the substitution т = ¢/kT, 
we may rewrite Equation (9.44) in a form 
suitable for numerical computation: 


(1 + 0.47) r73e7* = 1079?! r8* A (9.45) 


where r is the ratio of density to the sea- 
level value, 1.2.10 g/cc, and s is the 
meteor velocity in units of 10 km/sec. 
Considering an iron meteor using the values 
4.22 e.v./atom for є and 435° for 6,, and 
setting A — 1, typical numerical values of 
T for several meteors observed by Whipple 
are given in Table 9.7 for the beginning 
point $ of the meteor trail and for the 
point m of maximum light. These computa- 


TABLE 9.7. SURFACE TEMPERATURE OF METEORS 


Meteor х EE TOM 
Num 
i m $ m $ т z 

642 3.19| 3.02| 5.62| 4.12) 2635| 3130| 4.8 
670 2.46| 2.33| 4.20| 3.89] 2980| 3080] 38.0 
689 6.47| 6.12| 6.32| 5.25) 2700| 3040] 1.9 
710 3.15) 2.92| 5.90, 3.92| 2550| 3190] 5.0 
736 3.66| 3.60] 5.50! 4.38| 2720| 3120] 1.7 
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tions considered meteors with not too great 
а range in integrated luminosity divided by 
1. (Meteor 670 is the exception, but a low- 
velocity meteor was desired.) According to 
the current theory, this quantity measures 
the meteor mass. In the last column of 
Table 9.7, У, is proportional to this quan- 
tity. 

Ascribing а temperature T' to the meteoric 
material leaving the meteor surface implies 
8 certain momentum transfer to the meteor. 
Hence, to the usual retardation law that 
neglects the contribution of the vaporized 
material, 


Drag = — Гру А (9.46) 
one should add the quantity 


kT 1/2 dn 
E кретин dt Har 





(9.47) 


The first factor is the mean thermal velocity 
in one direction, the second factor is the 
rate of meteor atoms leaving the surface, 
and the last factor is the mass per meteor 
atom. Substituting for the second factor 
from Equation (9.40), one obtains for the 
total drag, 


kTy mg V 

Drag = -rota (1+ 3r Е тетү 
A 

(. + т) 


This provides the possibility of obtaining a 
v? resistance law for fast meteors. From 
Table 9.7, near maximum light, T is very 
close to 3100°K. Since the principal tempera- 
ture-dependent term in Equation (9.48) 
varies as Т"? and Table 9.7 shows Т not to 
vary a great deal anyway, the use of the 
3100°K value will introduce less error than 
the uncertainty in Г above. Thus one 
obtains 


Drag = —Tpav’A(1 + 0.168A/T). (9.49) 


Thus, for meteor velocities of 30 km/sec an 
increase in drag of 50 per cent, and, for 60 
km/sec, double the drag are indicated. (The 
assumption of A equal to 1 implies also 
that T = 1.) 


(9.48) 
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CHAPTER 10 


PRINCIPLES OF SHAPED CHARGES 


History of Shaped-Charge Phenomena 


The term shaped charge is generally ap- 
plied to explosive charges with lined or un- 
lined cavities usually formed in the end 
opposite the point of initiation, but some- 
times along the side of, e.g., a cylindrical 
charge. The lined and unlined hollowed- 
charge effect, sometimes also referred to 
simply as cavity effect, however, is by no 
means the only effect to which the term 
shaped charge applies. This term has a much 
more general meaning; it is applied to 
describe, for instance,  beehive-shaped 
charges without lined or unlined cavities. 
Shaping of the charge, even aside from cavity 
effect, is а very important factor in realizing 
the optimum efficiency of the explosive in 
many types of blasting, e.g., mud capping, 
demolition operations of many types, cutting 
of rods, etc. 

Here the term cavity effect will be used 
to refer to phenomena associated with 
charges with re-entrant cavities either un- 
lined or lined with various materials such as 
metals and glass. The unlined cavity effect, 
also called the Munroe effect in the United 
States and Great Britain and the Neumann 
effect in Germany, was described by Charles 
E, Munroe‘ in 1888 and was rediscovered 22 
years later by Neumann.* However, it ap- 
parently was known even much earlier than 
the work of Munroe, who found that, if & 
cavity of a particular shape is formed in a 
detonating explosive, preferably on the end 
of the charge opposite the initiator, and fired 
in contact with а material which will undergo 
primarily only plastic deformation under ex- 
plosive attack, approximately the reverse or 
mirror image of the indentation is produced 
on the target. Munroe used this unlined 
cavity effect, or Munroe effect, to print 
symbols on metal plates. 

There is no evidence that Munroe or Neu- 


mann discovered the lined-cavity effect 
which is а phenomenon quite different from 
the unlined-cavity effect. The origin of lined- 
cavity effect is unknown. Early in World 
War II it was attributed in shaped-charge 
circles to Neumann. But there is apparently 
no evidence that it was discovered by Neu- 
mann. Figure 10.1 illustrates the marked 
differences between the flat-end charge 
effect, the Munroe or unlined-cavity effect, 
and the lined-cavity effect. A flat-end charge 
of high brisance produces a dent in a hard 
steel plate, but the Munroe effect, using the 
same explosive and charge size, erodes the 
target, forming a smooth, shallow crater. 
On the other hand, the lined-cavity effect, 
with the same explosive and charge size, 
produces a deep, narrow V-type hole in the 
target. 

В. W. Wood is credited by Eichelber- 
ger). 9, Ref. и with the recognition, in 1936, 
of the usefulness of metallic liners in the 
hollowed charge to produce fragments of ex- 
tremely high velocities. It is quite likely 
however, that the effect was discovered much 
earlier. For instance, explosive engineers 
recognized much earlier the influence of the 
cap shell indentation not only on the initiat- 
ing power of caps for dynamites over long 
range in air but also on the ability of the 
cap to penetrate metal plates of the type 
used in cap tests. 

The first shaped-charge grenades employ- 
ing the lined-cavity effect used by the U.S. 
Army were apparently based on a patent by 
the Swiss inventor Mohaupt who, in ex- 
ploiting his patent, participated in early de- 
velopments of the lined-cavity effect in 
America in the early part of World War II. 
However, the bazooka and shaped-charge 
grenades developed in America were quite 
likely not the first such weapons developed; 
apparently all major powers developed, 
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probably independently, similar weapons, 
and, according to verbal reports passed 
among early American shaped-charge in- 
vestigators, the Germans may have de- 
veloped lined-cavity charges as early as 
World War I. 

Fundamental and development studies of 
lined-cavity effect were begun in America in 
1941 at Eastern Laboratory, E. I. du Pont 
de Nemours & Company. Later parallel 
fundamental studies as well as the design of 
shaped-charge weapons were undertaken by 
Eastern Laboratory and Division 8, National 
Defense Research Committee, Bruceton, 
Pennsylvania, under the sponsorship of 
Office of Scientific Research and Develop- 
ment. G. B. Kistiakowsky, D. P. Mac- 
Dougall, S. J. Jacobs, and С. Н. Messerly 
were the chief scientists of the National 
Defense Research Committee group. 

About the same time that National De- 
fense Research Committee began their 
studies of lined-cavity effect, E. M. Pugh 
organized a group at Carnegie Institute of 
Technology to study the mechanism of 
penetration of jets from lined-cavity charges 
and means of protection against such jets. 
Following the war the Carnegie Institute of 
Technology group under Pugh took over the 
National Defense Research Committee 
facilities at Bruceton and have continued 
fundamental and development work on 
shaped charges to the present time. Their 
program has contributed greatly to our 
fundamental knowledge of shaped charges 
as well as in the design of shaped-charge 
weapons. In addition to Pugh, the names of 
R. J. Eichelberger, N. Rostoker, and R. V. 
Heine-Geldern should be mentioned in con- 
nection with the excellent Carnegie Institute 
of Technology shaped-charge group. 

Following a meeting at Dumbarton Oaks, 
Washington, D.C., in March, 1953, where 
the need for a more direct method of observ- 
ing liner collapse and jet formation became 
apparent, L. B. Seely and J. C. Clark at 
Ballistic Research Laboratory, Aberdeen 
Proving Grounds, Maryland, carried out 
monumental flash X-ray studies of cone 
collapse, jet formation, and target penetra- 
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a b с 
Figure 10.1. Flat-end effect (a) versus Munroe 
effect or unlined-cavity effect (b) versus lined- 
cavity effect (c). 


tion. G. Birkhoff, upon observing some of 
the early radiographs obtained by Clark and 
Seely, made the brilliant suggestion that the 
cone-collapse process should be understood 
on the basis of hydrodynamics of fluid flow, 
and formulated quickly the framework of 
theory presented later in this chapter. He 
later collaborated with MacDougall, Pugh, 
and Geoffrey Taylor in writing the classical 
paper “Explosives with Lined Cavities."! 

While the above work was being carried 
out in America, G. I. Taylor, N. F. Mott, 
A. R. Ubbelohde, D. C. Pack, W. M. Evans, 
R. Hill, T. L. Tuck, and others were carrying 
out similar studies in Great Britain with 
comparable results and success. Indeed, the 
currently accepted theory of liner collapse 
and jet formation was worked out inde- 
pendently by Taylor from radiographs ob- 
tained, even before those of Seely and Clark, 
by Tuck, and the essential features of target 
penetration described by American workers 
were also discussed independently by British 
investigators. While the author is not ac- 
quainted with the history of developments 
of shaped-charge phenomena in Germany, 
Japan, Russia, and Italy, all these countries 
and possibly others carried out extensive de- 
velopments. For example, flash X-ray studies 
were carried out also by Trinks and Schall 
in Germany. 

Following World War II, important con- 
tributions to cavity effect were made in addi- 
tion to the work at Carnegie Institute of 
Technology, especially by L. Zernow and 
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associates at Ballistic Research Laboratory, 
who continued the flash radiographic studies, 
among other important investigations, and 
added much information concerning the 
nature of the jets from lined-cavity charges. 
Other laboratories including Naval Ordnance 
Laboratory, Maryland (Solem and August); 
Naval Ordnance Test Station, California 
(Throner, Kennedy, Weinland, Pearson, 
and Rinehart); Picatinny Arsenal (Dunkle); 
Stanford Research Institute (Poulter); and 
others have extended our knowledge of 
shaped charges and our catalogue of devices 
based on lined-cavity effect. Undoubtedly, 
similar continuation studies have been car- 
ried out in other countries. Perhaps no phe- 
nomenon in explosives technology, aside from 
atomic explosives, rockets, intercontinental 
missiles, and earth satellites has received as 
much attention as the lined-cavity effect. 


Explosive Factors in Cavity Effect 


Shortly after the beginning of the shaped- 
charge work at Eastern Laboratory, the 
author applied fundamental principles of 
detonation theory in interpreting the results 
of these early studies, formulating, as a 
result, the phenomenological detonation- 
head model discussed in Chapter 5 to ac- 
count for observed charge length, diameter, 
detonation pressure, and charge-shape ef- 
fects. Convenient to the problem discussed 
in this chapter, the following summarizes 
the findings of these studies: (1) With a 
particular type of liner using charges of 
constant size and shape, the jet-penetrating 
power was found to be directly proportional 
to the detonation pressure рз computed from 
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Figure 10.2. Shaped charge (a) of high-ex- 
plosive efficiency and (b) of maximum effective 
length for end effect. 
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hydrodynamic theory (Figure 2.8). (2) The 
penetration power of long cylindrical charges 
(e.g., L/d > 3.5) was shown to be propor- 
tional to d where d’ is the effective diameter 
taking into account an edge effect of about 
0.6 cm, i.e., d’ = d — 0.6 cm. (3) The pene- 
tration increase with charge length in cylin- 
drical charges was found to vary in direct 
proportion to the size of the detonation head, 
ultimately reaching a constant penetrating 
power at a charge length L,, of three to four 
charge diameters under no confinement and 
four to five charge diameters under the maxi- 
mum effective confinement with steel. (4) 
Besides these important factors the detona- 
tion-head model emphasized that other 
shaping factors were of great importance in 
lined-cavity effect. Thus, in order to obtain 
the maximum cavity effect with a fixed 
quantity of explosive, the shaping of the 
charge was importgnt especially in the region 
of the booster, and, moreover, accurate axial 
symmetry was required. A charge of the 
type illustrated in Figure 10.2а was found, 
e.g., to be capable of producing jets of much 
greater penetrating power per unit weight of 
explosive than the cylindrical charge of 
length greater than the maximum effective 
length L, (Figure 10.2b). Indeed, a charge 
like (a) produces surprisingly close to as 
much cavity effect as (b) in Figure 10.2.5 
Careful studies of penetration of jets from a 
given liner showed, moreover, that the pene- 
trating power could be correlated rather pre- 
cisely with the product of the detonation 
pressure by the size of the theoretical de- 
tonation head, or simply with the mass of 
the detonation head times Йу, or 
M,.W3.-s . Indeed, it was shown, in these and 
additional studies, that the effect of charge 
shaping on cavity effect may be determined 
quantitatively by application of the model 
to any shape of charge. Thus the detonation 
head provided а completely reliable model 
from which general scaling laws could be 
computed. It is thus of interest to consider 
the ratio М,/ М, for various charge shapes 
as determined by Filler? using this model. 
Here M, is the total mass of explosive and 
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M, the mass of material in the detonation 
head at the point of application to a lined 
cavity, a flat plate, or other load. 


Applications to Mass Loading in Differ- 
ent Geometries 


The three ideal cases of symmetrical 
propagation are listed in Parts 1 to 3 of 
Table 10.1. In each of these cases, the ratio 
М,/М, of the mass of the forward (or out- 
ward) moving gases, i.e., of the detonation 
head, to the total mass of explosive is 44, 
which is the maximum value allowed by 
conservation of momentum under the condi- 
tions imposed in the detonation-head model 
concerning the particle-velocity distribution. 
This ratio M,/M, may be considered as a 
figure of merit for efficiency of a charge in 
accelerating a load. If a flat plate (cylin- 
drical or spherical plate for these two cor- 
responding geometries) is to be accelerated, 
it is useful to list the ratio of the mass of the 
detonation head to the area which covers the 
entire path of the head. The ratio M,/A, 
given numerically in grams per cubic centi- 
meter, is the surface density of the plate 
which will extract the maximum energy from 
the detonation head. (In the following con- 
siderations an explosive density of 1.6 g/cc 
will be used.) For a steel load, with а density 
of 7.8, t, = M,/(7.8A) is the optimum thick- 
ness of the load. 

The case of an end-initiated cylindrical 
charge with infinite confinement cannot even 
be approximated in practice, and therefore 
it will not be discussed further. Spherical ex- 
pansion can be realized in practice and may 
be desirable for special applications where a 
dispersal of the load in all directions is de- 
sired. Part 4 of Table 10.1 treats the case of a 
hemispherical charge, initiated at the center 
of the exposed face. This geometry is treated 
by neglecting any effect which the lateral 
expansion may have upon the structure of 
the rear stagnation surface. The effect of the 
lateral expansion is to form a stagnation 
plane starting at the intersection of the 
boundary and the detonation front proceed- 
ing into the region behind the detonation 
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front. The stagnation surface is considered 
to be conical and to form the same angle a 
into the boundary as it does in an unconfined 
cylindrical charge (end-initiated). This is 
certainly not exact, since at а cylindrical 
boundary the expansion forms a divergent 
flow, while at а plane boundary the expan- 
sion forms a parallel flow. However, the error 
so introduced is probably small. Therefore, 
the lateral stagnation surface is assumed to 
form an angle a with the boundary of the 
explosive equal to the arc tangent of 14, or 
26.5°. Owing to the relatively small thickness 
of the head in spherical expansion, the mass 
of the head lost because of lateral expansion 
is small, yielding a value of M,/M, = 0.482, 
which is almost as great as the maximum 
possible value of 0.5. 

Cases of cylindrical charges which are 
initiated at one end are treated in Part 5 of 
Table 10.1. Sections (а) and (b) deal with 
charges the lengths of which are one charge 
diameter and Section (c) with а charge three 
charge diameters long. The achievement of a 
Steady state in a length of about three charge 
diameters in such charges shows that the 
lateral expansion affects the structure of the 
rear stagnation surface. However, since it is 
not known just how this occurs, the short- 
charge case is treated in two ways, assuming 
that the structure of the rear stagnation sur- 
face is (1) the same as for spherical propaga- 
tion and (2) the same as for one-dimensional 
propagation. The true case will be some- 
where between these extremes. Spherical- 
type propagation in charge C gives M,/M, = 
i; effectively, only the material in the cone 
defined by the base and the point of initia- 
tion contributes to the end effect, and only 
half of the mass of this cone goes into the 
final head. For one-dimensional-type flow, 
Мь/М. = 0.336. The correct value will be 
intermediate between perhaps 0.2 or 0.25. 
(For practical applications, the conical 
charges considered below use the explosive 
more efficiently.) The maximum end effect 
is achieved when the detonation head is 
fully developed, which we will consider to 
occur when the charge length equals three 
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TABLE 10.1. NUMERICAL VALUES ОР DETONATION HEAD Sizes AND Mass Loapina Ratios 
BASED ON AN EXPLOSIVE DENSITY p; = 1.6, AND A PLATE DENSITY OF 7.8. 
(MassEs ARE IN GRAMS, AND LENGTHS ARE IN CENTIMETERS 


1. One-dimensional propagation (cylinder, initiated at one end, with infinite confinement) * 
1 = iL. 
М, = $nIAA 


Мь 4 1 
м. > t alad) о — 
M, 


1 
— aL, = 0.8L, (g/cc) 


Мь 
t = zga T OSL 


2. Two-dimensional symmetrical propagation (infinite cylinder of radius R, , initiated along axis) 


M, 1 


M, 2 
у, 3 W-V 5 В 


у, = 8 y a p c dem 900 





M 
T - (гк) / (2eR.L) = iR, = 0.400R, (g/cc) 


t, = 0.0513R, 
3. Three-dimensional symmetrical propagation (sphere of radius №, , initiated at center) 
МУМ, = 4 
ЗУ, = ЗУ, 
V-V 5 RE 


у, 8 R 
Е, = 0.8556, 


* ы : (+ tn) ев = aR. = 0.267R. (g/cc) 


t, = .0342Е. 


4. Hemispherical charges of radius R, 
Volume lost from head due to rarefactions 


Во 1 m 
à AS 4 E Д Е 


1 1 Mf y 
ви; = 0.02838: 


2 0.855 БА 
Va = {01 X 4+5) — 0.02838: = 0.7578 
М, = 1.009. Е 





Мь 
м. = 0.482 





* L = length, М = mass, А = area, У = volume, В = radius, t = thickness. Subscript е desig- 
nates the entire charge, subscript A the detonation head, and subscript s the load-matched (steel) 
plate. pı = density. 


Google 


PRINCIPLES OF SHAPED CHARGES 


TanLE 10.1—(Continued) 


5. Unconfined cylindrical charge (of diameter d), initiated at one end 
(a) L = d, spherical-type propagation 


Va = = — (885 = 027802 k— d — 


12 


М, 4 03750«D 4 
— c 
А 3 12 rL’ 


t, = 0.0342L ASSSSSS 


М, 4 0375D 4 1 
— =з = р — ња - 
М. 3 12 Da 6 





= jal = 0.2671, (g/cc) 





(b) L = d, one-dimensional type propagation 
0.756712 
12 





rL? 
afi 3) - 
У, 12 [1 — (0.625)з] 


М, 4 075612 4 
А po S 





= 0.5381, (g/cc) 
t, = 0.0690L 


My, 4 0.756132 4 
— ш = р 


М. 3 12 xD; i 





0.336 


(c) L = 3d (complete head) 
Va = рух di 


М 4 wd 4 
4 "a^ ТО ра = Med = 0.711 d (g/cc) 


t, = 0.0912 d 
М 4 ræ 4 


— = = Pp 


М. T3” 12 Зу dp, 914 


6. Boundary-loss effect on а cylindrical charge of radius В. , initiated along the axis 
Ro 
У, = 2хт р (т — oon | dr (Volume of head for end-loss region) 
.790 в, 
У, = 0.0205=Е: 


М, 4  00205rR; Р 
л “з” 2820105) = 0.13015 (ог end-loss region) 


= 0.2088, (g/cc) 26.5° 


t, = 0.0267 R, (for end-loss region) 





07908» | 
0.210Во 


М, 4 9:0.0205xR? 


= = 0. f К н 
М,” 3 0260 (for end-loss region) 
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0.855L 


145. 
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TABLE 10.1—(Continued) 


7. Conical charge, initiated at apex (Spherical-type propagation) 
(a) Cone height = 
45° — 264° = 184°; tan 184° = $ 


Ro 
У, = -(0.565R,)?(0.145R,) + Quer ($ В. — І ) dr 
.565R, 3 3 


Re 0.85580 







= 0.0463« RI + а (в - Е ”) 





565Ro 
— олов За 
.091x Ro Ro | 
* * EA = 0.12122, = 0.194 R, (g/cc) 


t, = 0.02498, 


M. 4 р10.091= E, 091« RÀ 


AM, s HUS CUM 


(b) Cone height = 2R, 
tan" 2 = 634° 
634° — 264° = 37°; tan 37? = 0.754 


Re 
У» = -(0.6158,)?(0.290R,) + 2xr(0.754R, — 0.754r) dr 





0.615 R, 
1.710 Ко 
= 0.193r R} 
3 
^ ы : - —— = 0.257, = 0411R, (g/cc) 
AS 0.290 
Ro 


t, = 0.0527 R, k— m 


М, _ 4 210.193= В 
И. зал 


(c) Cone height = 3R, 
tan“! 3 = 714° 
714° — 264° = 45 


Ro 
Va = -(0.565R,)*(0.435R,) + 2xr(R, — т) dr 





pone 2.565Rg 
= 0.2737 
М, 4 0273 К 0.43560 
u "rmm 0.3640,R, = 0.582R, (g/cc) Бој 
t, = 0.07476, 


М, _ 4 p10.273r R; 
M, 3 28.818 = Nate 
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TaBLE 10.1— (Continued) 


8. Beehive changes 


(a) 45° apical semiangle, cylinder 0.170 E, high 


Vi = (xR$)(0.170R,) — 
9158, 


= 0.1562 R? 
М, 4 0.156rR3 


t ME 
rR} 


A 3 





= 0.208p, E, = 0.333№, (g/cc) 


t = 0.0426R, 


M 4 10.1560 R? 


—©=--—  —— аа 0.413 
М. 3px R3(0.333 + 0.170) 


(b) 264° apical semiangle, cylinder 0.340 Е. high 


У, = xRA(0.340R,) — 2xr(2r — 1.660R,) dr 
à .880R, 
Va = 0.206x R; 


М, 4 0290«R. 
ширу 


А 3 rR 
t, - 0.810 Е. 


My _4 PODR _ _ _ 
М. ЗртВ: (0.667 + 0.340) 


= 0.395р. Е. = 0.632R, (g/cc) 


0.392 


charge diameters. Here М/А is 0.7114 
(g/cc), which can be compared with a prob- 
able value of about 0.3 or 0.4 for a charge 
length of one charge diameter. However, the 
longer charge is wasteful of explosive, with 
M,/M, = 0.148. A charge of intermediate 
length would be more economical and would 
not lose much end effect, since only the tip 
of the conical head would be lost. 

The correction which must be applied 
when using a cylindrical charge of finite 
length, initiated along the axis, is considered 
in Part 6. Again, it is assumed that the 
stagnation surface makes a constant angle 
a = 26.5° with the boundary. The region at 
each end of the charge which is affected by 
the lateral expansion has a length of 0.15 В. 
(where №, is the radius of the cylindrical 
charge) and for the end regions alone 
M,/M, = 0.260 (compared with a value 
of 0.5 for the remainder of the charge). Thus 
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2xr(2r — 1.830Е.) dr 







26.5? 


2Ro 


AX WWI 0.340Ro 
K— 8—0 


the region affected by the expansion at the 
boundaries is about half as effective as is the 
remainder of the charge. However, unless the 
cylinder is very short, the boundary expan- 
sion losses are minor. 

It was seen in Part 5 of Table 10.1 that a 
cylindrical charge, initiated at one end, is 
relatively inefficient. Even in the most effi- 
cient case considered [Sections (a) and (Ъ)], 
only the explosive within the cone defined by 
the base and the point of initiation con- 
tribute to the head, the remainder being lost 
in the lateral expansion. If the angle of the 
lateral stagnation surface with the axis of 
the charge is increased, the mass of the 
detonation head is reduced, but not by a 
very large amount, for a moderate increase 
in the angle. However, increase in this angle 
can be achieved only by sloping the walls of 
the charge, i.e., using a conical charge. When 
this is done, it is obvious that there is a 
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major reduction in the amount of explosive 
used. The calculations for such charges are 
given in Part 7. Sections (a), (b), and (c) 
treat the cases of cones whose heights are 
one, two, and three times the radius of the 
base, respectively. The values of М»/М. for 
these three cases are 0.364, 0.386, and 0.364, 
while the values of М/А are 0.194Р,, 
0.411R,, and 0.582R, (g/cc). These are 
calculated on the basis of spherical-type 
propagation. Especially for the longer 
charges, the lateral rarefactions will cause 
the rear stagnation surfaces to lag, and thus 
increase the efficiency and the magnitude of 
the end effect. Thus the conical charges are 
far superior to the end-initiated cylindrical 
charges. The only advantage that the latter 
might show is that the wave front will be 
less curved than for the conical charges, 
which might be important in some applica- 
tions. 

The efficiency of the conical charges can 
be increased further by adding a short cylin- 
drical section to the base to form the beehive 
charge. The calculations given in Part 8 
assume spherical-type propagation, and the 
height of the cylindrical base is such that it 
is (1 — 0.855) — 0.145 the total height of 
the cone. Two cases have been calculated, 
where the heights of the conical sections are 
1R, and 2R,. The values of M,/M, are 
0.413 and 0.377, while M,/A is 0.333R, 
and 0.508R. (g/cc). If the lagging of the 
rear stagnation surface were known, the 
heights of the cylindrical bases might be 
increased, and the efficiency and effectiveness 
of the longer charge might prove even more 
favorable. 

Finally, the effect of adding confinement 
will be considered. As a first approximation 
it is assumed that confinement does not 
affect the position of the rear stagnation 
surface. According to this assumption, con- 
finement merely reduces the eating away of 
the sides of the detonation head by the 
lateral rarefactions. This produces a marked 
increase in M,/M, and М/А for the rela- 
tively inefficient cases of end-initiated cylin- 
drical charges, and to a lesser extent for the 
conical charges, but there will be only a 
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small benefit in the case of the beehive 
charges. The above is also true for finite 
cylindrical charges with axial initiation. Now 
consider the effect of confinement on the 
position of the rear stagnation surface. If 
the argument is correct that the lateral ex- 
pansion causes a lagging of the rear stagna- 
tion surface, a decrease in this expansion 
owing to confinement should produce an 
increase in this lagging, and therefore an 
increase in the height of the head for those 
cases where the lateral expansion has not 
entirely obliterated the rear stagnation 
surface. Of the practical cases, only the end- 
initiated cylindrical charge of more than 
three charge diameters in length falls into 
this class wherein the rear stagnation surface 
is not present. In all other cases it would 
seem that the height of the detonation head 
should be uninfluenced by adding confine- 
ment. This effect therefore increases М/М, . 
Experimental results show, in fact, that 
M,/M, can be approximately doubled by 
confinement in long 2-in.-diameter charges. 

The impact loading of cones by plane or 
spherical wave fronts would appear to be a 
more complicated problem than for flat 
plates, or plates conforming in shape with the 
wave front. However, the experimental facts 
show that the same mass relations apply for 
cones as for flat plates. In other words, the 
optimum cone, as far as total jet impulse 
and kinetic energy are concerned (and there- 
fore for optimum penetration at optimum 
standoff), is that having a total mass equal 
to the mass Мь of the detonation head. This 
was shown first in the early studies of the 
scaling laws. Thus the wall thickness of a 
cone of a given material for a charge such as 
Fig. 10.2b should be such as to keep the 
thickness parallel to the charge axis constant, 
irrespective of the cone angle. Hence the 
actual thickness should be ¢ = tł, cos а, 
where а is half the cone apex angle and f, 
is the thickness of the equivalent flat plate, 
i.e., the plate for which M, = М». Further- 
more, the maximum effective length meas- 
ured along the outside of the lined-cavity 
charge was found to be the same within ex- 
perimental error as that determined from 
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measurements of V, with flat plates, or other 
impulse methods (see Figure 5.5). 

The penetrating power of a cylindrical, 
lined-cavity charge of length equal to or 
greater than the maximum effective length 
La can be increased by using wave-shaping 
devices that shape the detonation wave 
front to conform as nearly as possible with 
the shape of the liner. For example, the 
charges shown in Figure 9.7b and 9.7c, 
modified at their end to include a 45° steel 
or copper cone, were found to penetrate steel 
targets about 25 to 30 per cent deeper than 
the charge of the same outside dimensions 
shown in Figure 10.2b. Moreover, the hole 
volume in the target turned out to be about 
5 to 10 per cent greater when the wave 
shaper was applied within a few centimeters 
of the apex of the cavity liner than without 
& wave shaper. The explanation of this effect 
is partly that changing of the detonation 
front from a spherical (nearly plane) wave 
front to a re-entrant form (Figure 9.7a) 
allows the detonation head to grow to a 
greater volume than for the steady-state 
head of a cylindrical charge without an 
internal wave shaper. This results by de- 
creasing the effective angle of the lateral 
rarefection or release wave. Other wave- 
shaping devices such as peripheral initiators 
produce comparable effects. However, an- 
other important factor in this type of charge 
is the influence of the interrupter on the 
shape of the p(t) curve at the point of 
reformation of detonation. 


Detonation Pressure in Nonideal Ex- 
plosives 


It has been shown (see Figures 2.8 and 2.9) 
that the hole volume (V.) and depth (р, 
of penetration in a constant target produced 
by jets from shaped charges of uniform 
conical liners and constant charge geometry 
vary linearly (except at very low pressure) 
with the ideal detonation pressure (pi) 
computed from hydrodynamic theory if the 
explosives used are ideal (D = D*) and, 
moreover, possess very short reaction-zone 
lengths. However, nonideal explosives 
(D « D*) exhibit no such simple correlation 
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with the computed рз. Instead, the pene- 
tration from nonideal explosives is usually 
much less than one might expect, and the 
data cannot be correlated in any simple 
manner with either р: or with the actual 
detonation pressure p, computed from the 
observed velocity. The fact, however, that, 
for ideal explosives of short reaction-zone 
lengths, V, and D, do vary linearly with рг, 
except at very low density, suggests that the 
pi versus V, and pz versus D, curves, which 
one obtains with various ideal explosives, 
may be useful as calibration curves for the 
measurement of an effective shaped-charge 
pressure (рз) for nonideal explosives. 

In an ideal explosive the chemical reaction 
is completed in time for the entire explosive 
energy to contribute to the propagation of 
the detonation wave through hydrodynamic 
laws. Apparently, the chemical energy in an 
explosive can be utilized completely in de- 
veloping a detonation wave of maximum 
intensity, as far as shaped-charge effect is 
concerned, only if the reaction-zone length 
is small compared to the charge diameter. 
Consequently, for nonideal explosives the 
penetration of targets from shaped-charge 
jets is expected to be less than the theoretical 
maximum, as a result of incomplete chemical 
reaction or excessively long reaction-zone 
length. When the reaction time is rather 
long, only a part of the energy can be 
utilized to collapse the liner. 

Since the linear relationship between V, 
(ог О.) and р; exists for ideal explosives of 
sufficiently short reaction-zone length an 
effective extent of reaction N for shaped- 
charge effect and a corresponding effective 
pressure фз may be defined by the equations 


У, = kıÑp? + а = kpa + с (10.1) 
D, = kiN p? + c: = ВБ: + сз (10.2) 


and 


Ñ = рз/р? 
where kı , К, су, and с are empirical con- 
stants for any particular charge size, ge- 
ometry, and type of liner. They may be 
evaluated from suitable calibration curves 
and, of course, will vary if the charge size, 


(10.3) 
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geometry, or/and liner are modified. If Ñ 
and рг can be related to reaction rates, it 
will be possible to compare results of shaped- 
charge measurements of № directly with 
those from velocity-diameter curves and 
other observations associated with nonideal 
detonation. 

By using only explosives of short reaction- 
zone lengths, N will be unity, and calibration 
curves can be formed by plotting the meas- 
ured hole volume and depth against the 
calculated pz. For many explosives suffi- 
cient thermochemical and heat data exist to 
make valid hydrodynamic calculations of 
p: . If sufficient data do not exist or if it is 
undesirable to perform the tedious hydro- 
dynamic calculations, reliable values for рз 
may be obtained by use of the semiempirical 
Equation (2.7). 

Penetration data were obtained by Cook, 
Spencer, and Keyes“: 3, Ref. 15 in two series 
of experiments. The first series consisted of 
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constant-geometry charges 5 cm in diameter 
and 18 cm long with a 10-cm standoff, utiliz- 
ing 5-cm-diameter, 60° apex angle copper 
conical liners. The second series was made up 
of charges 4.8 cm in diameter and 18 cm 
long with a 5-cm standoff, and used the 44° 
apex angle, 4.1-cm-diameter steel liner. 
Since it is well known that variations in 
the thickness of the liner wall at a particular 
slant height exert a great influence on jet 
function and behavior, the liners used in this 
study had a wall-thickness variation for a 
particular slant height no greater than 0.005 
cm. The copper liners were about 0.16 cm 
thick at the base and 0.13 cm thick halfway 
up the slant height, and weighed 45 to 50 
g. The steel liners were about 0.089 cm thick, 
weighed 28.9 to 29.5 g, and were coated with 
a thin layer of paint to avoid rust formation. 
The penetration data for several hundred 
shaped charges are summarized in Tables 
10.2, 10.3, 10.4, and 10.5. Tables 10.2 and 


TABLE 10.2. PENETRATION AND PRESSURE DATA FOR IDEAL EXPLOSIVES OBTAINED WITH CHARGES 
Usina 44° APEX ANGLE STEEL LINERS 





Explosive 

р* я Number 

Compo — рї (g/cc)| pe (g/cc) (m/sec) — Hole volume (сс) Hole depth (ст) of Shots 
Composition B 1.710 | 1.748 | 7,880 232 35.1 + 1.9 | 14.4 + 0.4 8 
«| Composition В 1.687 | 1.748 | 7,810 226 34.5 + 1.6 | 14.8 + 0.6 5 
80/20 | ‘‘Pentolite’”-PETN 1.650 | 1.722 | 7,730 216 31.7 = 1.1 | 13.2 + 0.4 5 
80/20 | Composition B-TNT 1.662 | 1.728 | 7,610 209 29.8 = 1.7 | 13.6 = 0.9 4 
65/35 | Tetryl-TNT 1.079 | 1.703 | 7,540 201 27.9 + 1.6 | 12.7 + 0.5 4 
“Pentolite’’t 1.660 | 1.710 | 7,530 200 30.1 + 2.8 | 13.3 + 0.7 5 
50/50 | Composition B-TNT 1.646 | 1.709 | 7,440 194 27.5 + 1.2 | 14.0 + 0.4 5 
60/40 | Tetryl-TNT 1.639 | 1.699 | 7,390 189 25.9 + 0.9 | 13.8 + 0.5 10 
80/20 | ‘‘Pentolite’-TNT 1.626 | 1.698 | 7,340 185 25.6 + 2.1 | 12.5 + 0.9 5 
40/60 | Composition B-TNT 1.633 | 1.690 | 7,290 181 24.5 + 0.9 | 13.5 + 0.3 5 
50/50 | ‘‘Pentolite’-TNT 1.623 | 1.687 | 7,250 178 26.6 + 0.9 | 13.2 + 0.2 5 
40/60 | ‘‘Pentolite”-TNT 1.603 | 1.676 | 7,200 172 24.0 = 1.6 | 12.5 0.1 5 
20/80 | Composition B-TNT 1.634 | 1.672 | 7,170 171 23.5 + 0.7 | 13.8 + 0.7 5 
50/50 | EDNA-TNT 1.530 | 1.687 | 7,180 170 20.3 + 0.9 | 12.7 + 0.3 4 
20/80 | *'Pentolite"-TNT 1.624 | 1.665 | 7,100 165 22.6 + 0.6 | 13.4 + 0.3 5 
TNT 1.591 | 1.654 | 6,910 152 19.2 + 1.2 | 12.4 + 0.7 10 
RDX 1.126 | 1.816 | 6,530 123 12.6 + 0.9 | 11.4 + 0.5 10 
EDNA 1.048 | 1.71 | 6,070 95 8.5 + 0.4 | 10.7 + 0.7 10 
Tetryl 1.051 | 1.73 | 5,760 84 7.6 = 0.4 | 8.1 + 1.0 10 
РЕТМ 0.948 | 1.77 | 5,350 67 6.4 =0.6 | 9.9 + 0.8 9 
TNT 0.812 | 1.654 | 4,400 36 2.1 0.3 | 4.6 + 0.7 10 
“Pentolite” 0.538 | 1.710 | 4,050 24 0.4 + 0.08) 0.8 + 0.2 10 


NOTE: p$ was obtained by use of Equation (2.7). 


- 


t '"Pentolite' refers in this table to the 50/50 product. 
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10.3 contain the results for explosives of very 
short reaction-zone length which detonated 
at their hydrodynamic velocity (D = D*). 
The detonation velocities listed were taken 
from Office of Scientific Research and De- 
velopment Report No. 5611, except for some 
mixtures of PETN and RDX with TNT for 
which velocity-density data were not avail- 
able. Detonation velocities for these mixtures 
were obtained by linear interpolation of 
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existing velocity data with respect to com- 
position of the explosive. Equation (2.7) was 
used to determine the ideal detonation pres- 
sures. 

The calibration curves, Figures 10.3 and 
10.4, are plots of the p? versus V, and 
pi versus D, data. The curves in Figure 10.3 
are from the data recorded in Table 10.2 
and were obtained with the 44? apex angle 
steel liner. Figure 10.4 was plotted from the 


TABLE 10.3. PENETRATION AND PRESSURE DATA FOR IDEAL EXPLOSIVES OBTAINED WITH CHARGES 
Usina 60° APEX ANGLE COPPER LINERS 











Explosive—composition, material, mesh size | ри (g/cc)|pc (g/cc) PUN, ЫЛ» Hole volume (сс)| Hole depth (cm) Namber 
Composition B 1.65 | 1.748 | 7,690 | 212 | 31.6 + 0.5) 25.2 + 0.3 3 
“Pentolite”t 1.63 | 1.710 | 7,430 199 | 30.1 23.9 1 
60/40 Tetryl-TNT 1.62 | 1.699 | 7,330 190 | 24.5 + 0.6| 22.7 + 0.2 4 
40/60 “Pentolite”-TNT 1.60 | 1.676 | 7,200 175 | 20.3 + 0.7| 22.0 + 0.3 4 
TNT 1.59 | 1.654 | 6,900 150 18.6 + 1.2| 18.7 + 1.5| 5 
RDX 1.13 | 1.816 | 6,540 115 13.2 + 0.2 15.0 2 
Tetryl 0.95 | 1.73 | 5,580 75 5.9 7.9 4 2.5 4 
50/50 “Pentolite” (—48 mesh)-TNT| 0.88 | 1.710 | 5,110 60 4.8 7.8 4 
TNT 0.815 | 1.654 | 4,410 46 2.4 +40.1 4.5 =0.6| 4 
Pentolite“ (—4+8 mesh) 0.55 | 1.710 | 4,060 22 0.75 + 0.5) 1.0 + 0.22 8 

NOTE: pi was obtained by use of Equation (2.7). 
1 “Pentolite” refers here to the 50/50 product. 
TABLE 10.4. NoNIDEAL EXPLOSIVE PENETRATION AND PRESSURE DATA 
Explosive—composition, material, mesh size Liner | *.(8/ [Hole volume (cc) |Hole depth (cm) выр) nef 
TNT (—4+6 mesh) Copper | 1.03 | 0.93 + 0.04) 1.3 + 0.3 21 4 
TNT (—6+8 mesh) Copper | 1.03 | 1.1 + 0.2 | 1.8 + 0.3] 25 4 
TNT (—8+10 mesh) Copper | 1.03 | 1.45 + 0.05) 3.0 + 0.2 34 4 
TNT (—6+8 mesh) Steel 1.01 | 0.74 + 0.42 1.5 = 0.7 2 3 
TNT (—8+10 mesh) Steel 1.03 | 1.9 =0.1| 3.4 + 0.3] 36 3 
TNT (—8+10 mesh) Steel 1.03 | 1.7 + 0.2 | 3.2 + 0.4] 34 6 
50/50 ТМТ-АМ (—20+30 mesh) Соррег | 1.55 | 8.7 10.1 + 0.3] 86 2 
50/50 ТМТ-АМ (milled) Copper | 1.55 | 9.5 + 0.4 | 10.8 + 1.6 90 3 
50/50 TNT-AN (—20+34 mesh) Steel 1.59 | 9.0 + 0.7 | 10.4 = 1.7] 83 10 
50/50 TNT-AN (—65 mesh) Steel 1.50 | 9.6 = 1.0 | 8.8 + 1.3] 72 9 
50/50 TNT(—65)-AN (milled) Steel 0.94 | 3.8 + 0.5 | 7.34 1.4 63 9 
50/50 TNT (—65)-AN (—20--28 mesh) Steel 1.02 | 2.4 +0.2| 5.2 =0.3 50 5 
50/50 TNT-SN (—35+48 mesh) Copper | 1.84 11.9 + 2.1 99 3 
50/50 TNT-SN (—35+48 mesh) Steel 1.79 |7.5 + 0.6 | 8.2 = 1.6] 70 10 
50/50 TNT-SN (milled) Steel 1.84 | 9.9 + 0.7 | 12.3 = 0.9; 150 5 
50/50 ТМТ(—65)-8М№ (—35+40 mesh) Steel 1.13 | 2.1 + 0([2| 4.5 = 0.5 43 8 
50/50 TNT(—65)-SN (—65 mesh) Steel 1.11 | 2.5 + 0.4 | 4.5 + 0.7] 43 9 
30/70 TNT-BN (—65+100 mesh) Copper | 2.44 | 8.5 9.5 81 1 
30/70 TNT-BN (—100+200 mesh) Steel 2.43 | 9.5 + 0.4 | 11.3 + 0.5} 105 10 
70.7/29.3 Composition B-AN(—20+30 | Steel 1.63 |25.1 + 1.4 | 12.6 + 0.8} 155 7 





mesh) 


NOTE: AN is ammonium nitrate, SN is sodium nitrate, and BN is barium nitrate. 


Google 


THE SCIENCE OF HIGH EXPLOSIVES 


TABLE 10.4. МомтоЕль EXPLOSIVE PENETRATION AND PRESSURE Data (Continued) 


Explosive—composition, material, mesh size биш 0-3) 


^ | ууну | Nun 


(D/D*)* | D (m/sec) |D* (m/sec) 


from V, |(atm-107*) 


— — — — — | — — — — — 


TNT (—4+6 mesh) 23 
TNT (—6+8 mesh) 27 
TNT (—8+10 mesh) 32 
TNT (—6+8 mesh) 25 
TNT (—8+10 mesh) 35 
TNT (—8+10 mesh) 34 
50/50 TNT-AN (—20+30 mesh) 96 

00 

96 


50/50 TNT-AN (milled) 1 
50/50 TNT-AN (—20+34 mesh) 

50/50 TNT-AN (—65 mesh) 101 
50/50 TNT (—65)-AN (milled) 52 


50/50 TNT (—65)-AN (—20+28 mesh) 41 
50/50 TNT-SN (—35+48 mesh) 


50/50 TNT-SN (—35+48 mesh) 84 
50/50 TNT-SN (milled) 104 
50/50 TNT (—65)-SN (—35+40 mesh) 38 
50/50 TNT (—65)-8N (—65 mesh) 41 
30/70 TNT-BN (—65+100 mesh) 95 
30/70 TNT-BN (—100+200 mesh) 101 


70.7/29.3 Composition B-AN (—20+30 180 


mesh) 


60 0.38 0.34 0.58 3,900 | 5,110 
60 0.45 0.42 0.70 4,280 | 5,110 
60 0.53 0.51 0.78 4,530 | 5,110 
60 0.42 0.42 0.70 4,210 | 5,040 
59 0.58 0.51 0.78 4,530 | 5,110 
60 0.57 0.51 0.78 4,530 | 5,110 
137 0.69 0.6 0.75 5,550 | 6,420 
137 0.72 0.67 0.90 |~6,100 | 6,420 
147 0.65 0.6 0.71 5,550 | 6,560 
130 0.78 0.77 0.73 5,350 | 6,260 
55 0.94 0.90 0.89 4,560 | 4,830 
66 0.62 0.61 0.59 3,830 | 5,000 
160 0.62 0.57 0.79 5,570 | 6,270 
150 0.56 0.55 0.79 5,460 | 6,140 
161 0.65 | 0.61 0.82 5,700 | 6,280 
57 0.67 0.74 0.71 3,740 | 4,440 
55 0.75 0.82 0.77 3,850 | 4,380 
191 0.94 0.88 0.98 7,560 | 7,630 


NOTE: р? were obtained from hydrodynamics theory. N (р/р) was determined by dividing the effec- 
tive pressure, found from hole-volume measurements and use of the pressure-volume curve, by the 
ideal detonation pressure. Ñ (t,/r) was calculated using reaction times obtained by analysis of D versus 


d curves by means of the geometrical model. 


TABLE 10.5. PENETRATION AND PRESSURE DATA FOR EXPLOSIVES CONTAINING ALUMINUM 


> 
p hid Hole depth (cm) |Hole volume (cc) ji —X 


Explosive—composition, material, mesh size Liner 
80/20 TNT-Al (—65+100 mesh) Copper 
80/20 TNT-Al (—65+100 mesh) Steel 
80/20 TNT (—65)-Al (—65+100 mesh) Steel 
80/20 TNT (—65)-Al (— 1004+300 mesh) Steel 
80/20 TNT (—65)-Al (—325 mesh) Steel 
80/20 Composition В-А1(— 654-100 mesh) | Copper 
80/20 Composition B-A1(—325 mesh) Copper 
73.2/26.8 Composition B-Al(—325 mesh) | Steel 
80/20 Composition B-Al (—65+100 mesh) | Steel 
84/16 Composition B-Al (—65+100 mesh) | Steel 
88/12 АМ (—35+100 mesh)-Al (fine) Steel 


data recorded in Table 10.3 which were ob- 
tained with the 5-cm-diameter 60° apex 
angle copper liner. 

The penetration data for some nonideal 
explosives are recorded in Table 10.4. The 
effective pressure р, was obtained from the 
measured hole volume and the appropriate 
calibration curve. The ideal detonation pres- 
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1.68 15.7 + 1.9 16.1 + 1.3 | 125 3 
1.63 |11.5 + 0.6 11.6 +06) 115 10 
0.94 | 4.4 =0.4| 2.3 + 0.4 42 8 
0.94 | 5.3 =0.6 | 3.0 + 0.4 47 9 
0.94 | 5.3 + 0.7 | 2.9 + 0.2 47 9 
1.75 19.4 + 0.3 [20.7 + 0.3 | 159 4 
1.76 |20.6 + 0.05|22.3 0.7] 167 3 
1.82 11.9 + 0.5 119.8 + 0.5 | 155 7 
1.81 |12.2 + 1.1 [22.3 + 3.2 | 167 10 
1.80 |14.0 + 0.5 23.8 + 1.1 175 9 
1.13 | 0.24 + 0.14) 0.14 + 0.10 17 7 


sures were obtained from hydrodynamic 
calculations or Equation (2.7). 

Table 10.5 contains V., Do, and ps: for 
some explosives with aluminum as an addi- 
tive. The effective pressures were obtained 
by use of hole-volume data and the appropri- 
ate pressure-volume calibration curve. 

In Table 10.6 will be found the detonation 
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velocities and average jet velocities (for 
about the first 114 ft of its travel) for various 
charges. The data were taken from only one 
charge of each composition, and the validity 
of the velocities reported must be viewed in 
this light. For some charges the detonation 
velocities were not measured, and the veloci- 
ties listed in Table 10.4 for these cases were 
taken from velocity-density equations given 
in Table 2.1. Jets could not be photographed 
when the detonation velocity of the explosive 
charge was below 5,000 m/sec, owing to 
insufficient luminosity. In the charges ob- 
served the jet velocity was usually greater 
than the detonation velocity by as much as 
1,000 m/sec. Only in a few charges was there 
any change in the slope of the time-distance 
trace over a distance of 4.5 cm, indicating a 
constant jet velocity over this range. 

The effective extent of reaction applicable 
in cavity effect previously defined as N will 
now be related to reaction rates by use of the 
detonation-head and geometrical models. 
Assume an ideal explosive charge which is 
cylindrical, unconfined, and of length 
L > Lm, containing an explosive of short 


TABLE 10.6. DETONATION 


Explosive—composition, material mesh size 


80/20 Composition B-TNT 

80/20 ''Pentolite"-PETN 
Composition B 

60/40 Composition B-TNT 

65/35 Tetryl-TNT 

80/20 ‘‘Pentolite’-TNT 
"'Pentolite"t 

72.3/26.8 Composition B-Al 

84/16 Composition B-Al 

60/40 EDNA-TNT 

60/40 "'Pentolite"-TNT 

40/60 ‘‘Pentolite”-TNT 

20/80 ''Pentolite"-TNT 
PETN 

50/50 TNT-SN (milled) 

70/30 TNT (—65)-BN (milled) 

50/50 TNT (—65)-AN (milled) 

70/30 TNT (—65)-BN (—65+150 mesh) 
TNT (—8+10 mesh) 

80/20 TNT (—65)-Al (—325 mesh) 

80/20 TNT (—65)-Al (—100--300 mesh) 
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Figure 10.3. Hole volume V, and depth D, of 
penetration versus detonation pressure for shaped 
charge using 44? apex angle, steel liner. 


reaction-zone length. According to the det- 
onation-head model, the accompanying 
diagram illustrates the above conditions 
wherein a transformation to a set of moving 


AND JET-VELOCITY DaTA 


ри (g/cc) D (m/sec) Jet velocity (m/sec) 

1.65 7,420 8,390 
1.67 | 7,70 8,350 
1.69 8,020 8,240 
1.65 7,800 8,130 
1.67 7,140 8,070 
1.63 7, 580 7,940 
1.66 7,280 7,720 
1.82 7,500 7,680 
1.79 7,490 
1.52 7,140 7,330 
1.63 7,280 7,310 
1.59 7,200 7,300 
1.62 6, 760 6,080 
0.94 5,300 5,700 
1.84 5,600 5,500 
1.07 4,730 

0.92 4,560 

1.12 4,500 

1.01 4,270 

0.94 3,530 

0.90 3,520 


- 


NOTE: The detonation and jet velocities were obtained from only one charge of each composition. 


t ‘Pentolite” here refers to the 50/50 product. 
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coordinates has been made. The coordinates 
are moving with velocity D* from left to 
right (Figure 10.4a). The reaction zone is 
the region of grain burning into which the 
unreacted explosive enters, begins to react, 





200 
Preseure (etm 110-9 


Figure 10.4. V, and D, versus ps for shaped 
charges using 60? copper liner. 





Figure 10.45. 
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and is completely consumed by the time it 
reaches the rear of the zone. The high-pres- 
sure conical region of height approximately 
equal to the charge diameter (the detonation 
head) is bordered by the unreacted explosive 
at the front and the lateral rarefaction or 
release waves at the rear. The chemical 
energy released within this high-pressure 
region contributes to shaped charge and 
other end effects, while the extent of reaction 
occurring within the head along the central 
Streamline determines the detonation veloc- 
ity. Thus, according to this model, V may 
be defined approximately as 


[мор а 
N = ———— 


fe 


(10.4) 
yo 
[ М(у)4ту(у. — y) dy 


= yo 
[ 4ту(у. — y) dy 


where N(y) is the fraction of an explosive 
grain consumed within the head along a 
streamline (the streamlines within the head 
are parallel to the charge axis) a distance y 
above the axis, and the volume integral is 
taken over the whole head (Figure 10.4b); 
yo is the effective charge radius; and 2y, is 
the length of the detonation head parallel to 
the charge axis. According to the geometrical 
model, the temperature within the head is 
essentially constant for single-component 
explosives, and the Eyring grain-burning 
equation is then 


Ny) =1 - (:-®}' 
т 


In the above equation Ку) is the time a 
grain reacts along any particular streamline 
in the detonation head, and т is the time for 
complete reaction. The variable time Ку) 
can be related to y by the geometry of the 
head. The maximum possible time a grain 
can react along the central axis and still 
continue to support detonation is assumed 
to be that value ¢, corresponding to the 
maximum height 2y, of the detonation head. 


(10.5) 


PRINCIPLES OF SHAPED CHARGES 


Comparison of similar triangles gives 
t(y)/t, = 2(ye — y)/2y. which is rewritten as 
Ку) = t(y» — y)/ye. This value for Ку) 
may be substituted into the Eyring Equation 
(10.5) to give 


= вия) (10.6) 
T y 


N(y) = в (1 


When this value for N(y) is substituted 
into Equation (10.4), one obtains 


үг) 
° d Yo 

уу, — »| dy 

(10.7) 


F уф. — y) dy 


Integration of Equation (10.7) yields 


vere) e) 


(10.8) 
forr <te; (D = D*) 
ee з 
Ñ=15 09 (=) + 02(*), 
т т т 
(10.9) 
for r >t; (D < D*) 
where 
F d — 0.6(cm) id= 0.6(cm) 
у D-W 3 D | 


Table 10.7 lists the values of Ñ and N, ob- 
tained from these two equations for various 
values of (t,/7). The above equations ne- 
glect the curvature of the detonation wave, 
but this introduces only a very slight error 
unless the diameter of the charge is very 
near the failure diameter of the explosive. 
The model also allows the treatment of 
two component explosives by means of con- 
siderations and equations presented in 
Ref. 15, Ch. 2, which are omitted here. 
The pressure-volume calibration curves in 
Figures 10.3 and 10.4 are essentially linear 
except in the low-pressure regions. Among 
the factors believed responsible for the non- 
linearity in these regions is the yield strength 
of both the liner and the target. That is, a 
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Tasty 10.7. VALUES OF t/r, №, AND №, FROM 
Equations (10.8) AND (10.9) 





tolt x No tolt R No 
© 1.0000 | 1.0000 | 1.35 | 0.8760 | 1.0000 
50.00 | 0.9999 | 1.0000 | 1.30 | 0.8680 | 1.0000 
20.00 | 0.9993 | 1.0000 | 1.25 | 0.8592 | 1.0000 
18.00 | 0.9991 | 1.0000 | 1.20 | 0.8495 | 1.0000 
16.00 | 0.9989 | 1.0000 | 1.15 | 0.8389 | 1.0000 
14.00 | 0.9985 | 1.0000 | 1.10 | 0.8272 | 1.0000 
12.00 | 0.9980 | 1.0000 | 1.05 | 0.8143 | 1.0000 
10.00 | 0.9971 | 1.0000 | 1.00 | 0.8000 | 1.0000 
9.00 | 0.9964 | 1.0000 | 0.95 | 0.7842 | 0.9999 
8.00 | 0.9955 | 1.0000 | 0.90 | 0.7668 | 0.9990 
7.00 | 0.9942 | 1.0000 | 0.85 | 0.7476 | 0.9966 
6.00 | 0.9921 | 1.0000 | 0.80 | 0.7264 | 0.9920 
5.00 | 0.9888 | 1.0000 | 0.75 | 0.7031 | 0.9844 
4.50 | 0.9863 | 1.0000 | 0.70 | 0.6776 | 0.9730 
4.00 | 0.9828 | 1.0000 | 0.65 | 0.6497 | 0.9571 
3.50 | 0.9778 | 1.0000 | 0.60 | 0.6192 | 0.9360 
3.00 | 0.9704 | 1.0000 | 0.55 | 0.5860 | 0.9089 
2.80 | 0.9663 | 1.0000 | 0.50 | 0.5500 | 0.8750 
2.60 | 0.9613 | 1.0000 | 0.45 | 0.5110 | 0.8336 
2.40 | 0.9552 | 1.0000 | 0.40 | 0.4688 | 0.7840 
2.20 | 0.9474 | 1.0000 | 0.35 | 0.4233 | 0.7254 
2.00 | 0.9375 | 1.0000 | 0.30 | 0.3744 | 0.6570 
1.90 | 0.9315 | 1.0000 | 0.25 | 0.3219 | 0.5781 
1.80 | 0.9246 | 1.0000 | 0.20 | 0.2656 | 0.4880 
1.70 | 0.9165 | 1.0000 | 0.15 | 0.2054 | 0.3859 
1.60 | 0.9072 | 1.0000 | 0.10 | 0.1412 | 0.2710 
1.50 | 0.8963 | 1.0000 | 0.05 | 0.0728 | 0.1426 
1.45 | 0.8901 | 1.0000 | 0.03 | 0.0442 | 0.0873 
1.40 | 0.8834 | 1.0000 | 0.01 | 0.0149 | 0.0297 


certain amount of pressure is required to 
cause normal collapse and subsequent jet 
formation, and in the low detonation-pres- 
sure regions of the curves this pressure is an 
appreciable fraction of the detonation pres- 
sure available to collapse the liner. Also the 
compressional strength of the target must be 
overcome by the jet. Furthermore, the liner 
and the explosive must be properly matched 
for efficient energy transfer from the explo- 
sive to the liner, and at low pressure the 
match was far from optimum. 

A definite break or rapid slope change may 
be seen in the pressure-depth curves at 80 to 
100 kiloatmospheres for the steel liner and a 
less definite one at 160 to 170 kiloatmos- 
pheres for the copper liner. Above these pres- 
sures the depth of penetration was found to 
increase less rapidly with pressure. Calcula- 
tions show that the mass of the detonation 
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head of а 4.8-cm-diameter charge is equal to 
the mass of the steel liner at a density such 
as to produce a detonation pressure of 80 to 
100 kiloatmospheres. Similarly with calcula- 
tions for the 5-cm-diameter charge, the mass 
of the copper liner was equal to the mass of 
the detonation head at a density which 
would correspond to a detonation pressure 
of about 160 to 170 kiloatmospheres. Op- 
timum energy match for these liners with the 
explosive charge occurred where the p? 
versus D, curve breaks, since, as previously 
mentioned, the mass of the detonation head 
which carries the forward momentum neces- 
sary to collapse the liner and form the jet 
equals the mass of the liner at this point. If 
the collision of the detonation head with the 
liner were treated as a billiard-ball collision 
problem, of the type described in Chapter 5, 
maximum energy would be imparted to the 
liner when the masses were equal. At higher 
pressure the mass of the liner is less than the 
detonation head, and as а consequence only 
а fraction of the energy of the explosive may 
be imparted to the liner, resulting in penetra- 
tions less than expected on the basis of the 
detonation pressure alone. 

Comparisons may be made of reaction 
times measured by the shaped-charge 
method with those obtained independently 
by analyses of D versus d curves of the same 
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Coarse TNT 


FOR 


Grain size 


Liner 


(p2/Ps) 
(0/1) 


(ed) 
—4+6 (0.20 
—6+8 0.14 
—8-+10 10.10 
—6+8 10.14 
—84-10 10.10 


1/2 


1/8 - e 
o 
м! jp) 


Mesh 


IN Grp) 
| М (to/r) 
N 
N 








Copper|0.38| 0.34] 0.82) 0. 
Copper|0.45| 0.42] 0.87; 0. 
0. 
0. 











Соррег0.53| 0.51 0.92 
Steel 10.42 0.42) 0.85 
Steel |0.57| 0.51] 0.94] 0. 








RRS 
e 
Ф 


0.84 
1 0.89 





о 





NOTE: R, is the average grain radius in centi- 
meters. № (Ds/pi) is Р/р? from Table 10.4. Ñ (t,/r) 
is calculated from Equation (10.9) where т = 
2.6 X 10-* Р, (Chapter 6) (R, in centimeters, т in 
seconds). № (a/p? ) is obtained from Table 
10.7 from the particular N determined by pressure 
measurements. №/?({,/т) is calculated from re- 
action times obtained by an analysis of D versus 
d curves. N,"(D/D*) is equal to D/D*. 
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explosives by means of the geometrical 
model. Such comparisons are listed in Table 
10.8 for coarse TNT, the only single-com- 
ponent, nonideal explosive studied. The 
values listed in the columns of Table 10.8 
from left to right were obtained as follows: 
Ñ (ps/p2), the fraction of reaction effective 
in shaped-charge penetration, was obtained 
from hole-volume measurements, use of the 
pressure versus hole-volume calibration 
curves, and the calculated ideal hydrody- 
namic pressures. V(t,/7) was obtained from 
appropriate equations of Ref. 15, Ch. 2, using 
reaction times resulting from analysis of D 
versus d curves by means of the geometrical 
model. N!’ (5/57) is the square root of the 
№, obtained from Table 10.7 which cor- 
responds to the particular N(p»/p1) meas- 
ured by the shaped-charge method. №!" (t,/7) 
was obtained from analysis of D versus d 
curves, and N;"(D/D*) is merely D/D* 
since D/D* = N^". The penetration data, 
detonation velocities, and data for determin- 
ing reaction times which are necessary to 
determine the values of Ñ and №" given in 
Table 10.8 are listed in Table 10.4. 

The results in Table 10.8 arein reasonable 
agreement. Although this agreement does 
not assert that reaction times predicted by 
the geometrical model are correct, it does 
show that a consistent scheme has been de- 
veloped whereby shaped-charge penetration 
data may be used to predict extents of reac- 
tion for a given charge diameter and conse- 
quently values of D/D*. Conversely, using 
reaction times measured by the geometrical 
model, one can predict with fair accuracy 
hole depths and volumes of jets from shaped 
charges made with nonideal explosives, pro- 
vided one has the calibration curves avail- 
able for the particular liner to be used. It 
will be noted that the results of Table 10.8 
are also consistent with the Eyring constant 
radial grain-burning hypothesis, since the 
total reaction times may be taken propor- 
tional to the explosive grain radius. 

This model may be applied to mixtures of 
explosives with certain assumptions. Vi- 
brated, loose-packed, binary mixtures are 
treated as independent spherical grained 
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components. The equations to be used in 
calculating N (t,/7) for this case are given in 
Ref. 15,Ch.2. The (р/р?) determined ex- 
perimentally by shaped-charge penetration 
and N(t,/r) determined from reaction times 
and the equation for binary mixtures are 
given in Table 10.4. Here too, the results are 
in reasonable agreement. 

Cast explosives present a problem in the 
determination of particle size. The grain 
sizes of most additives used with TNT can 
be determined readily by screening, since 
they do not melt in the cast, but the grain 
size of the TNT depends upon the method 
of casting and is largely unknown. Consider, 
for example, a 50/50 cast mixture in which 
the TNT of weight equal to that of the solid 
AN coats each grain uniformly. From the 
densities of the two compounds, the volumes 
of the individual spherical coated grains can 
be determined. Now the closest packing of 
spheres requires a void space of 26.4 per cent. 
However, the actual bulk density of the mix- 
tures, according to the above assumption, 
allows a void space of only 5 to 10 per cent. 
This indicates that a cast explosive, in order 
to have this small void space, is actually a 
heterogeneous conglomeration of various 
shapes and sizes instead of the above ideal- 
ized mixture. Therefore, the computed reac- 
tion times must in reality be an average de- 
pending upon the actual particle-size 
distribution. Macroscopically, the closest 
packing of spheres is also an idealized model, 
but it is useful in gaining some insight into 
the problem. 

The reaction times are, of course, depend- 
ent upon the crystal size. This is shown in 
Cybulski’s data where, on the one hand TNT 
poured creamed, i.e., of small crystallites, 
and, on the other hand, that poured as a hot 
liquid are compared." * 8. 7 The resulting 
crystal sizes of the cooled casts are quite 
different. In fact, the reaction time of the 
TNT product poured as a liquid was about 
twice that of the cooler creamed cast ma- 
terial. Using Cybulski's data and the detona- 
tion-head model, the reaction time for 
— cast TNT was determined to be 4.5 
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As mentioned previously it has been found 
that for explosives known to have short 
reaction-zone lengths, the hole volumes and 
hole depths from shaped-charge jets for a 
given liner and charge geometry are propor- 
tional to the ideal detonation pressure as 
computed from the hydrodynamic theory. 
Thus one can predict consistently the hole 
volumes and depths produced by jets from 
shaped charges using the same liner and 
charge geometry, provided the ideal detona- 
tion pressures are known and the explosives 
react rapidly, as in those listed in Tables 
10.2 and 10.3. However, it has been found 
that the hole depths and hole volumes pro- 
duced by jets from shaped charges made 
with nonideal explosives vary with an effec- 
tive pressure which is sometimes considerably 
lower than the ideal detonation pressure or 
even the C-J pressure рз of the nonideal ex- 
plosive. In other words, а smaller fraction of 
the total chemical energy generated by the 
nonideal explosive is used to collapse the 
liner and form the jet than that generated by 
an ideal explosive. 

The nozzle and curved-front theories pre- 
dict reaction-zone lengths in explosives of the 
order of Ио to 145, respectively, those com- 
puted in the geometrical model (Chapter 6). 
Thus realizing that the detonation head 
alone will furnish the forward momentum to 
collapse а shaped-charge liner, even though 
the explosives were nonideal in the sense that 
the detonation velocity is less than the hy- 
drodynamic value, all the explosive might 
still react within the region carrying the for- 
ward momentum. In this event, а nonideal 
explosive should, in shaped charges, be less 
effective than an ideal explosive with a short 
reactioi-zone length only in direct propor- 
tion to the ratio of the detonation pressure 
of the nonideal to that for the ideal explosive. 
That is, the effective pressure р: , as meas- 
ured from shaped-charge penetration data, 
should equal the detonation pressure ра, 
just as the effective pressure in the ideal ex- 
plosive is the detonation pressure pi. 

From the above reasoning, values of 
(D/D*)? = p/p? have been listed in Table 
10.4 to be compared with Ñ = р/р?. If 
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the reaction zones were short compared to 
the charge diameter, then, on the basis of 
these arguments, (D/D*)? and N should be 
equal. If, however, the reaction zones were 
of length the order of the charge diameter or 
greater, (D/D*)? would be somewhat greater 
than N. Examination of the data in Table 
10.4 reveals that (D/D*)? was significantly 
larger than Ñ for all nonideal explosives 
Studied, e.g., coarse TNT, 50/50 amatol, 
sodatol, and vibrated TNT-SN, and that 
the penetrations of the jets from the shaped 
charges made with these nonideal explosives 
were less than expected from detonation 
pressures calculated for the nonideal ex- 
plosives. Hence, again one finds that the 
reaction times must be considerably longer 
than predicted by the nozzle and curved- 
front theories. 


Mechanism of Liner Collapse and Jet 
Formation 


The hydrodynamic mechanism of jet 
formation of Birkhoff, MacDougall, Pugh, 
and Taylor! is best applied to a wedge liner; 
application to a conical liner is complicated 
by the increasing cone-wall thickness as the 
successive rings of metal collapse toward the 
axis of cylindrical symmetry. As the detona- 
tion front strikes the liner, a shock wave is 
induced in the metal to compress the liner 
wall. As the pressure is released, the wall 
collapses toward the axis at a velocity Vo. 
As the flow of metal arrives at the axial 
region, the resultant collision divides the 
flow into two axial jets: the larger part goes 
backward from the point of junction to form 





Detonation Wave Front 
— D 


Figure 10.5. Collapsing wedge liner (after 


Birkhoff,.MacDougall, Pugh, and Taylor). 
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the slug; the smaller part goes forward into 
the main or forward jet. The collapsing wall 
and the jet direction define the collapsing 
angle 8 in the collision region. Birkhoff. 
MacDougall, Pugh, and Taylor assumed 
that the detonation wave will transfer its 
momentum to the liner in а period which is 
short relative to the time of collapse, and 
that the walls will then flow toward the axis 
at the constant velocity V,. This is consist- 
ent with the impulse mechanism discussed in 
Chapter 5 as well as with direct observations. 
The angle between the moving walls is then 
28 and that between any moving wall and 
the axis is 8. The original wedge semiangle is 
designated а. The junction of the two collid- 
ing walls moves along the charge axis at 
velocity V, given by 


У, = V, cos $(8 — a)/sin 8 
Birkhoff, MacDougall, Pugh, and Taylor 


also defined a velocity V; equal to the vector 
difference between V, and V, given by 


(10.10) 


V: = [V. cos #(8 — a)/tan В] 
(10.11) 
+ V, sin 4(6 — a) 


Birkhoff, MacDougall, Pugh, and Taylor 
further assumed, on the basis of observed 
radiographs, а steady motion; i.e., to an ob- 
server stationary with respect to the junc- 
tion (Figure 10.5) of the collapsing walls, 
the angle 8 was assumed constant, and the 
two opposite jets corresponding to the slug 
(rear jet) and forward jet should then move 
away from the junction point at velocities 
V = У, + V: and у, = У, — У.), гезрес- 
tively. As shown later, this is not the case at 
least for cones; careful study has since shown 
that У, decreases and В increases from the 
apex to the base of conical liners. The 
increase, however, is relatively small in small- 
angle cones, but large-angle cones and hem- 
ispheres even turn inside out 

Birkhoff, MacDougall, Pugh, and 
Taylor obtained for these velocities 


у-у, = i6 — a) 
sin 8 

(10.12) 

cos 3(8 — а) 


rad + sin #(8 — a) 
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sin В 


— — 4(6 —a) — sin À(8 — 2| 


y, - V, Е 4(8 – а) 
(10.13) 


tan В 


Furthermore, applying the principle of con- 
servation of momentum, they obtained for 
the mass т; of the forward jet and that т, 
of the slug the results 

т; = m/2(1 — cos В) 


m, = m/2(1 + cos B) 


(10.14) 
(10.15) 


In terms of a plane detonation wave of 
velocity D they also obtained 
sin (8 — a) 

COS a 


-[esc 8 + ctn В + tan $(8 — a)] 
sin (В — a) 


cosa 
-[esc В — ctn В — tan (8 — а)] 


Interesting predictions of the Birkhoff, 
MacDougall, Pugh, and Taylor theory were: 
(1) In assuming that V, is constant during 
wall collapse, Birkhoff, MacDougall, Pugh, 
and Taylor assumed that no appreciable 
pressure applied on it after the initial impulse 
and that therefore U (ог У.) would be 
constant in the Bernoulli equation 


V=D 
(10.16) 


У, = р 
(10.17) 


р + 400° = constant (10.18) 


This allowed them to predict that the slug 
and forward jet would have exactly the same 
length. This prediction proved surprisingly 
accurate even for cones during almost the 
entire cone-collapse process. (2) If a were 
zero, V = 2D and the jet velocity cannot 
therefore exceed twice the detonation veloc- 
ity. (3) If the detonation wave were shaped 
so as to strike the liner at the same instant 
over its entire surface, then 


У = (V./sin a)(1 + cos a) (10.19) 


У, = (V./sin а)(1 — cos a) (10.20) 


and the jet velocity could therefore be in- 
creased indefinitely by decreasing the cone 
angle, although as а tends to zero the jet 
mass and momentum would both also tend 
to zero. Experimentally, however, there 
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exists a critical cone angle 2a, below which a 
jet does not form.? 

By the measurements of the velocity and 
the mass of different jet parts from cones, 
Eichelberger showed that as the collision 
point progresses along the axis the jet veloc- 
ity V decreases, but the proportion of the 
liner going into the jet increases. The ex- 
planation of this nonsteady-state collapse 
process is the increase of the angle 8, in 
conica! liners, as the collision point progresses 
along the axis. In order to support this ex- 
planation, Pugh, Eichelberger, and Ro- 
Stoker* assumed a decreasing collapse veloc- 
ity У. from apex to base. This gradient of 
velocity curves the liner contour at an in- 
creasing amount as the wall approaches the 
axis. Some selected frames of a framing- 
camera sequence showing the collapse of a 
10-cm-diameter, 60° aluminum cone using a 
10-ст (d), 30-em (L) cast-TNT charge are 
shown in Figure 10.6. The cone was painted 
with grid lines to provide reference condi- 
tions to observe the changing contour of the 
liner during collapse. The position of the 
wave front may be determined by a bend 
occurring along the radial grid lines. By sim- 
ple geometrical constructions the successive 
positions of the symmetric points defined by 
the grid lines and the axial jet may be deter- 
mined approximately. One may thus deter- 
mine the actual collapse velocity of each ele- 
ment of the liner. However, & more accurate 
method for У. and В is the pin-oscillograph 
method. Both methods have been used and 
verify the suggestion of the Carnegie Insti- 
tute of Technology group. Figure 10.7 shows 
five contours obtained in this manner by de 
CallatayC5- 9. Ref. 6 from frames 3 to 7 of the 
series shown in Figure 10.6. Note the tend- 
ency for the inside surface of the liner to 
accelerate toward the junction point. This is 
simply the result of a finite cone-wall thick- 
ness and does not in any way invalidate the 
assumption of an impulsive interaction of the 
wave with the liner. It is primarily this effect 
which causes 8 to increase, and the cone to 
appear to turn inside out toward the base or, 
in other words, to cause В to increase even 
above 90?. Unpublished pin-oscillograph 
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measurements by A. M. Spencer in the 
author’s laboratory showed the initial cone- 
collapse velocity V, in an 80? aluminum cone 
using a Composition B charge (D = 7,800 
m/sec) to decrease from 2,800 m/sec at one- 
third the distance from the apex to the base 
to 2,300 m/sec at the base. In a 12.5-cm- 
diameter, 50° copper liner of total weight 
1,300 g using cast TNT (D = 6,900 m/sec), 
the initial value of the velocity V, perpen- 
dicular to the liner wall was found by 
Spencer to decrease from 2,300 m/sec at a 
position one-third the distance from the 
apex to base to about 1,000 m/sec at the 
base of the cone. This also confirms the 
suggestion of the Carnegie Institute of Tech- 
nology group that V, should decrease from 
the apex to the base of the cone. It is of 
interest, however, that if one applies these 
data in the equations of Birkhoff, Mac- 
Dougall, Pugh, and Taylor relating 8 to V, 
and D by the equation D = V,cos (В — а). 
cos a/sin (8 — a), one finds that the jet 
elements should vary somewhat less than the 
actual observed jet-velocity distribution re- 
quires, and that V should be less than the 
observed value at the front. This assumes, of 
course, that the steady-state theory may be 
applied separately to each element of the 
liner even though the process is nonsteady. 
This was the basis of further developments 
by the Carnegie Institute of Technology 
group. The relatively large discrepancy be- 
tween the computed and the observed 
velocity distributions is probably simply the 
result of the finite cone-wall thickness. 


Metallographic Examination of Slugs 


Considerable insight into the mechanism 
of cone collapse and jet formation may be 
obtained by examinations of slugs from 
conical liners. In Chapter 9, Reference 6, 
results of metallographic studies of slugs 
from steel and copper cones are described. 
Figure 10.8 shows a sketch of a cross section 
of & steel slug together with photomicro- 
graphs of various regions in the slug. These 
micrographs were obtained from an 0.025 
carbon steel cone with а = 21°, base di- 
ameter 5 cm, wall thickness 0.16 cm, and 
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Figure 10.7. Liner contour during collapse 
process. (Numbers refer to photographs of Figure 
10.6.) 


weight 78.58 g. The charge was a 5-ет- 
diameter, 30-cm-long charge of 50/50 cast 
“Pentolite.” 

Three zones designated zone I, zone II, 
and zone III were clearly evident even to the 
naked eye. Axial zone I was about 1 mm wide 
at the point marked by the dot where a 
photomicrograph was taken. The grains at 
this point and throughout zone I had the 
maximum size. This zone appeared to have 
been recrystallized at high temperature. 
Toward the base this zone necked down, 
finally disappearing into zone II. Zone II, 
which could easily be distinguished visually 
from both zones [ and III, contained grains 
decreasing in size from the zone-I boundary 
to the zone-III boundary. The apparent re- 
erystallization temperature in zone II de- 
creased from the zone-I to the zone-III 
boundary. Zone II narrowed down to a 1.2- 
mm neck and then widened again toward the 
base of the slug. Traces of flow during and 
after recrystallization were evident in zone II 
toward its neck. External zone III was well 
defined by flow lines, incompletely formed 
grains, and the presence of some contamina- 
tion. Along the surface of the slug some 
coarser grains with boundaries perpendicular 
to the surface were evident. 

The situation in the copper slugs was com- 
parable to that in steel: The three zones, I, 
II, and III, were clearly evident together 
with evidence for recrystallization at high 
temperature in zone I, at progressively lower 
temperature in zone II from the zone-I 
toward the zone-II boundary, typical flow 
lines in zone III and in the outer regions of 
zone II, and necking down of zones I and II 
about 80 to 85 per cent of the distance from 
the apex to the base of the slug. Actually, 
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Figure 10.8. Cross-sectional sketch of slug and photomicrographs of regions in slug: (a) original 
metal; (b) from region b, zone III; (c) from region c, zone II; (d) from region d, zone I; (e) from re- 


gion e, zone III. 


the necking process is clearly multiple; the 
real base of the slug is missing owing to a 
more serious necking process below the base 
of the slugs examined. This multiple necking 
process is evidence that the afterjet is really 
simply the part of the original jet (part of the 
rear jet) that happened to be trapped inside 
the folding cone; it keeps flowing foward 
until the limits of plastic flow are reached. 
There is, therefore, really only one jet-form- 
ing process. The necking process is probably 
the result of an irregular approach to the 
limit of plastic flow. This seems evident 
from the flow lines in the slug. 

A direct indication of the actual tempera- 
ture in zone I and in zone II near the zone-I 
boundary was obtained by collapsing a cop- 
per cone on and trapping a steel pin placed 
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inside the copper liner slightly off the axis. 
The structure of the steel pin was drastically 
modified by being trapped in the copper slug. 
At the copper-steel interface, a 0.05-mm- 
wide band in the steel showed a change of 
phase and a grain growth. Deeper in the 
steel, a very fine recrystallization appeared. 
Thus a gradient of temperature existed; near 
the copper the temperature was estimated 
to have been about 900°C, but the fine re- 
crystallization observed deeper in the steel 
required 500 to 600°C. Because the steel 
region near the copper was obviously heated 
by the slug metal, the temperature of the 
copper was estimated to have been about 
1000°C. However, the validity of these esti- 
mations of temperature must be considered 
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Figure 10.8d. 
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in the light of the influence of pressure оп 
recrystallization. 

The observed transient and the final in- 
crease of temperature in the slug may be 
considered on the basis that the heating was 
due (1) to the working of the liner under de- 
formation, (2) to the transient, adiabatic, 
hydrostatic compression, or/and (3) to a 
Hugoniot compression which, in turn, was 
due to a shock wave within the flow system. 
At the beginning, a shock wave is presum- 
ably induced into the wall of the liner by the 
detonation wave raising the temperature of 
the wall. The pressure at the explosive-wall 
interface was about 0.22 megabars for thin 
copper and steel shock loaded with 50/50 
“Pentolite.”” Using the Pack, Evans, and 
James equation, the final increase of tem- 
perature calculated from Duvall and Zwo- 
linski’s relation (Chapter 9) was about 90°C 
for both copper and steel. The increase of 
temperature was somewhat less when loaded 
with cast TNT. 

The heating due to the working of the 
liner under deformation is difficult to evalu- 
ate. It is known that the ratio of internal 
friction to the rate of deformation passes 
through a maximum. But the collapse proc- 
ess takes place at a very high rate of deforma- 
tion. Moreover, owing to the negligible 
rigidity under very high pressure, low in- 
ternal friction is expected. It thus seems 
improbable that internal friction would cause 
much increase in temperature. The transient 
adiabatic compression may be considered on 
the basis of the theory of а perfectly com- 
pressible fluid. At the stagnation point all 
kinetic energy must be transformed to en- 
thalpy, in accordance with Bernoulli’s 
theorem. Here the relative collapse velocity 
У, has to be estimated. A 40° cone element 
having a maximum jet velocity of 7,500 
m/sec has а maximum collapse velocity У. 
of about 3,000 m/sec. In the case of copper, 
the maximum pressure calculated from 
Bernoulli’s theorem is about 0.55 megabars, 
using the Pack, Evans, and James equation. 
An adiabatic compression at 0.55 megabars 
raises the temperatures from 120°C to 450°C 
during a period of 2 or 3 usec. Thus, adiabatic 
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compression alone cannot raise the tempera- 
ture by the amount observed in the slug. 

If a shock wave were to exist within the 
flow region, the mechanism of compression 
would be different because the Hugoniot 
equation would then determine the compres- 
sion. After the shock passes, there would 
remain a permanent increase of temperature 
owing to the increase of entropy in the shock 
discontinuity. From the metallographic 
cross section of the copper slugs, two differ- 
ent temperature regions were indicated: In 
the axial zone the temperature appeared to 
be about 900 to 1000°C and in the middle 
zone about 500°C. Owing to the very small 
thickness of cone material heated above the 
transition temperature, one part of the in- 
crease in temperature appears to have been 
transient in the axial zone. But the general 
recrystallization requires time; thus, a cer- 
tain amount of heating is permanent. This 
heat apparently is the result of flow from the 
axial zone into the middle zone. However, 
the relatively sharp transition between zone 
I and zone II shows that all the heat re- 
quired for recrystallization did not come 
from the axial zone. Therefore, the final 
temperature in the axial zone may be esti- 
mated to have been about 450°C. 

The shock wave should increase the tem- 
perature from 120°C to 450°C in the axial 
zone. A permanent increase of temperature 
of about 330°C requires a sudden change of 
pressure of about 0.83 megabars, according 
to Duvall and Zwolinski'sC^- 9, Ref. 10 relation. 
This pressure change, however, would pro- 
duce a transient temperature of about 
1000°C. Thus, the heating was due probably 
to a combination of permanent heating ow- 
ing to internal friction and transient heating 
by adiabatic or shock compression combined, 
probably, with some small heating owing to 
internal friction. But as long as the effect of 
internal friction is unknown, the ratios of 
internal friction and adiabatic and shock 
compression cannot be made. 


Velocity-Mass Properties of Jets 


When а ‘jet from a lined-cavity charge 
penetrates a target, it is used up progres- 
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sively from its front to its rear elements. This 
fact may be used to measure the velocity 
and mass distribution along the jet. Thus by 
increasing in small increments the thickness 
of the target, one may observe the velocity 
of the front of the jet emerging from the 
target, and by collecting the emerging jet by 
techniques described, e.g. by Eichelber- 
ger,Ch- 9. Ref. п one may determine the mass 
used up in each increment of target. Eichel- 
berger described extensive studies of this 
character for the jet, at various distances of 
standoff, from a steel cone and a 50/50 cast 
“Pentolite’’ charge (designated P-2) 4.1 cm 
in diameter and 7.5 cm long which was 
detonated by a 1.27-cm-thick, 4.1-cm-di- 
ameter pressed tetryl booster. The steel cone 
of the P-2 charge has characteristics as 
follows: 2a = 44°, wall thickness 0.094 cm 
(equivalent flat-plate thickness—0.25 cm), 
base diameter 4.1 cm to the base of the cone 
plus a 0.5-cm base flange—giving 5.1 cm for 
the diameter of the outside edge of the base 
flange, and, instead of coming to the point 
corresponding to the apex of a cone, the tip 
of the cone is truncated with a 0.47-cm- 
diameter apex disk. This P-2 charge with the 
44° steel cone has served since 1943 as more 
or less the standard for most lined-cavity- 
effect studies in this country. 

Table 10.9 presents data taken from 
Eichelberger“: 9. Ret. и showing velocities of 
the front of the jet V,, of the last part of 
the penetrating jet designated V; , the maxi- 
mum depth of penetration D, considered 
(not necessarily the total depths of penetra- 
tion), and the initial (U,;) and final (U,,) 
velocities of penetration of jets from P-2 
charges and 44? steel cones in mild steel, 
aluminum, and lead. It was found in analysis 
of early results that the velocity varied al- 
most linearly over the length of a jet from 
the maximum at the front to the minimum 
velocity at the rear. Hence the jet stretches 
(increases in length) almost linearly in time. 
Eichelberger's penetration data showed, 
moreover, that the velocity of the initial jet 
emerging from a target varied almost lin- 
early (actually with а slightly decreasing 
rate) with the thickness of target penetrated. 
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TABLE 10.9. JET CHARACTERISTICS Usina Р-2 
CHARGES (44° STEEL Cone) 


О + + 
Standof| V. V D, |у Uy 
(em) | (m/& (сш) | (m/sec) (m/sec) 




















Target (m/sec) (m/sec) 
Mild steel] 0 7,280] 1,830] 8.4 | 3,300] 910 
Mild steel] 10.16] 7,280] 2,030/13.14| 3,300] 710 
Mild steel] 20.32] 7,280) 2,550] 9.01! 2,230] 1,100 
4ST alu- | 0 7,280) 3,930,13.08 
minum 
4 ST alu- | 10.16] 7,280] 1,980/14.58| 4,500) 1,620 
minum 
Lead 10.16] 7,280} 2,000/14.3 | 2,500] 625 





NoTE: Vy = velocity of front of jet; У, = 
velocity of jet material penetrating at target 
depth D, ; О» = initial penetration velocity; 
Uss = penetration velocity of depth D, . 


The mass of the jet was found to be nearly 
uniformly distributed in the linear velocity 
distribution. That is, Eichelberger showed 
that the total mass of jet emerging from a 
target (the cumulative mass) fell off almost 
linearly with the initial velocity of the emerg- 
ing jets from 5.0 + 0.5 g emerging from a 
target of zero thickness (V, = 7,280 m/sec) 
to about 1.3 + 0.5 g emerging at V, = 1,800 
m/sec from a target near the limit of pene- 
tration. 

While studies of the velocity and mass dis- 
tributions in jets from cones of other ma- 
terials and cone angles have not been ex- 
tensive, they have been sufficient to show 
that the maximum and minimum (slug) 
velocities agree within about 20 per cent or 
better with the formula of Birkhoff, Mac- 
Dougall, Pugh, and Taylor, and that be- 
tween the maximum and minimum velocities 
the jet has apparently & continuous (almost 
linear) velocity distribution with mass ap- 
parently also nearly uniformly distributed in 
the velocity distribution. 

Jets are obtained with Composition B 
(р. = 230kilobars) and steel cones at all 
cone angles between about 20? and 150°. 
With other explosives the upper limit of the 
cone angle in charges that still produce jets 
will usually be lower than 150?, depending 
on the detonation pressure. For cast TNT 
(pe = 150kilobars) jet action seems to dis- 
appear in steel cones at a cone angle of about 
120°. 
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Another factor of considerable importance 
shown by Eichelberger (Figure 16 in Refer- 
ence 11 of Chapter 9) is that there appar- 
ently exists no interaction between elements 
of jet sufficient to affect the velocity distri- 
bution over any measurable length of travel 
of the jet beyond the base of the cone. If the 
jet were a continuous solid undergoing plas- 
tic deformation (ductile drawing), it is diffi- 
cult to visualize how this could be the case: 
1.е., it is difficult to understand how a соп- 
tinuous jet can elongate linearly in time 
without having its front decelerated and its 
rear accelerated. Possibly, therefore, despite 
the fact that the jets at short standoff from 
steel, copper, etc., appear to be continuous 
in radiographic studies of the extension of 
the jet in time, fluid jets produced by ductile 
drawing may fragment at a very early stage 
into very small particles. Metals undergoing 
ductile drawing would be expected to have 
sufficient tensile strength to cause V, to 
decrease and V, to increase in time. Particles 
of the jets from P-2 charges caught in water 
seemed, in early metallographic studies, 
never to have melted, but appeared simply 
to have fragmented directly from the orig- 
inal cone. Moreover, the metallurgical prop- 
erties of the cone showed up critically in the 
properties of the jet. If melting or even con- 
siderable plastic deformation had occurred, 
one would expect the jet to lose a great deal, 
if not all, of the influence of the metallur- 
gical characteristics of the original cone. 

The above evidence suggests that the liner 
may fragment on its inside surface (the ma- 
terial in the forward jet and that correspond- 
ing to zone I in the slug) very early in the 
process of cone collapse, if not immediately. 
Framing-camera photographs seem to show 
that fragmentation occurs very near the 
junction point, and earlier in some cases, in 
Steel and aluminum. The blur in a radio- 
graph caused by the finite duration of the 
X-ray burst thus may make impossible the 
detection of solid particles in the jet in the 
early stages; after the jet has stretched out 
for considerable time, its particulate nature 
is very evident. Penetration results, on the 
other hand, seem to suggest that fragmenta- 
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tion occurs not at the junction point but only 
after the jet has stretched out. In other 
words, from penetration results the fluid or 
plastic jets appear to be drawn as in ductile 
drawing of metals. Further study of this 
situation is therefore desirable. Other evi- 
dence pertaining to the nature of the jet is 
presented later in this chapter. 


Penetration of Targets by Lined-Cavity 
Jets 


The hydrodynamic theory of the penetra- 
tion of targets by lined-cavity jets was de- 
veloped independently by Pugh! and by Hill, 
Mott, and Pack.* Pack and Evans*'" dis- 
cussed the steady-state theory of penetration 
in which the jet-velocity distribution was 
ignored and the penetration velocity was 
assumed constant. Pugh! and Eichelber- 
ger>. 9, Ref. И discussed the nonsteady-state 
theory of jet penetration in which the actual 
velocity distribution in the jet was taken 
into account as well as the variation of the 
velocity of penetration with depth. 

Consider a jet (particulate or fluid) of 
length L and uniform velocity V penetrating 
a target at uniform velocity U. Continuity 
of pressure at the junction between target 
and jet, applying the Bernoulli theorem, 
gives 


Ap;(V — |)? = pU? (10.21) 


where р; is the actual density of the jet 
material, p that of the target, and А a factor 
which accounts for the nature of the jet. If 
completely fluid, Х = 1, but if particulate, 
\ = 2p;-/p;, where pje is the effective aver- 
age density of the jet, taking into account 
free space between particles. The question 
as to whether or not the single particles pene- 
trate independently will arise in this case. 
Now the penetration P; is given by Ut,, 
where /, is the time required to use up the 
jet, and is simply L/(V — U). Hence the 
total penetration is 


P; = L(QXp;/p)"* 
Equation (10.22) should hold only for an 


idealized jet and for a target with zero yield 
strength. Pack and Evans modified the 


(10.22) 
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Figure 10.9. Flash radiograph of steel-lined-cavity jet penetrating steel target (by Clark and Seely; 


photograph courtesy du Pont Company). 


steady-state theory to take into account the 
finite yield strength and residual flow or 
secondary penetration of the target by intro- 
ducing the factor (1 — aY /p;V?) into Equa- 
tion (10.22) to account for primary penetra- 
tion (Y being the dynamic yield strength 
and a a constant) and a term г for the sec- 
ondary penetration or the penetration taking 
place owing to residual flow after the jet has 
been used up. They took r simply às the 
radius of the hole, assuming that residual 
flow would be uniform in all directions, i.e., 
that the secondary flow will be the same in 
the foward as in the lateral direction. Their 
final equation for penetration was then 


P =Р:;(1 — а Ү/руУ?) + г (10.23) 


The importance of residual flow or second- 
ary lateral penetration is strikingly illus- 
trated in the radiograph of a jet from a steel 
cone penetrating a steel target shown in 
Figure 10.9. Note that already the hole in 
the target is many times greater than the 
diameter of the jet. 

Another interesting result of the steady- 
state theory is the ratio of V/U, namely 


V/U = 1 + (o/19)!* (10.24) 
which states that, for a jet of the same ma- 
terial as the target, V/U should be 1 + 1712, 
For a fluid or otherwise continuous jet, 


х = 1 and V/U should therefore be two. 
Equation (10.23) was considered to apply 
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also in the nonsteady-state theory, if V, U, 
and л are taken to be the local instantaneous 
values of these quantities. 

The steady-state theory would require 
holes having essentially test-tube shape, i.e., 
with a hemispherical bottom and cylindrical 
shape above. Neither this type of hole nor 
the assumptions of constant V and U was in 
agreement with observations, and it was 
therefore necessary to modify the theory to 
account for the velocity distribution in the 
jet, and the variation of V with penetration 
distance. Pugh introduced the equation 


Pom [оа f оина 
(10.25) 
- p | (4o)! dL = Jp, 


where J and L are average quantities taking 
into account the variation of Ар and L in 
time for the element of the jet effective in 
penetrating the target at the time ¢. For a 
fluid or continuous jet Ap; should be con- 
stant but L increases (approximately lin- 
early) in time, and dL thus should be a com- 
plicated function which takes into account 
the elongation of the individual elements of 
the jet in time. The nonsteady solution re- 
quires that there will be no residual flow. ог 
secondary penetration term because the ob- 
served hole is V-shaped and the secondary 
penetration, while large (in the radial direc- 
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tions) at the top, is zero at the bottom of the 
hole; final penetration from the elements of 
the jet with critical, hole-forming velocity V, 
ends with the primary penetration. This 
nonsteady penetration theory thus accounts 
for the influence of the dynamic yield 
Strength of the target on penetration by 
lined-cavity jets by the influence of yield 
strength on V, . Thus, according to this ex- 
planation, lead would be penetrated to a 
greater depth than mild steel, in spite of the 
factor р!? in the penetration equation, 
Equation (10.22), because V, for lead is con- 
siderably less than V, for steel. This situa- 
tion may be seen from results shown in 
Table 10.9. Considerations given below, how- 
ever, suggest that this factor may not be 
wholly responsible for the 30 to 70 per cent 
greater depth of penetration in lead than 
steel by a P-2 charge. 

Eichelberger modified the pressure-con- 
tinuity equation of the penetration theory 
by simply adding the target strength term 
с, as follows 


Фр; (У — 0)? = 400 +o (10.26) 


However, instead of using с as the observed 
static strength, e.g., the measured Brinell 
hardness, he used for o the difference o, — 
о; = с (с: = hardness of target, о; = jet 
hardness). For a mild-steel target and steel 
cone this is then supposedly zero, and he 
then found \ by the use of Equation (10.24) 
and observed V/U results for penetration of 
very thin mild-steel targets by jets from P-2 
charges. He found that А = 1 at jet lengths 
13 cm ог less using the P-2 charge, but that А 
decreased over a smooth curve, reaching 
about 0.01 to 0.02 at about 36 cm total jet 
length. Actually, some of the data used to 
determine Х showed V/U slightly less than 
2 corresponding to Х somewhat greater than 
unity at short jet lengths. Moreover, it is 
clear from the curves of V and U versus 
penetration that the condition V/U « 2 
prevailed in several regions of the curves at 
standoffs of zero and 2.5 cm. He concluded 
that ductile drawing ceased and that the jet 
fragmented into a particle jet at 13 cm from 
the original cone apex. However, he found 
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no evidence that the factor Х changed 
abruptly to 2 as required by the early 
theory.! He accounted for the absence of the 
discontinuity in À at 13 cm on the basis that 
solid particles would simply deform plas- 
tically upon striking the target, and that 
therefore a discontinuity should not have 
been expected in the first place. It is of in- 
terest, however, that the value 13 cm for the 
jet length at which À began to drop below 
unity corresponded very closely to the the- 
oretical length of the jet at the instant the 
cone-collapse process would be complete 
even in the steady-state theory. Thus at the 
final stage of the cone collapse in the steady- 
state theory, the total length of the jet would 
be twice the slant height (5.5 cm) of the cone 
or 11 em. But since V, should be about 0.5 
mm/usec and V about 6,500 m/sec (calcu- 
lated values), the front of the jet would be 
about 12 cm from the apex at the final stage 
of jet formation. Moreover, in the nonsteady- 
state theory the jet would not have formed 
completely at the time its front appeared at 
12 cm from this apex. It may therefore have 
been a particle jet all the way. 

Another consideration bearing on this 
problem of particle versus plastically extrud- 
ing jets concerns the fact that one does not 
observe shock-wave effects in the jet after 
its front has struck the target. As the ma- 
terial flows away from the point of junction 
of the jet and the target, the projectile is, of 
course, used up progressively, but the part of 
the projectile that has not yet reached the 
point of junction is assumed, in the hydro- 
dynamic theory of penetration, simply to 
flow forward at constant velocity V, having 
as yet not suffered any effects of collision. 
The projectile in & continuous jet is then 
eroded plastically during penetration at a 
velocity V — U. If this velocity were less 
than the shock velocity in the projectile, 
which is in general the case in shaped-charge 
jet penetrations, a shock wave should propa- 
gate not only ahead into the target but also 
back into the oncoming jet or projectile, 
unless the projectile were a multiparticle jet. 
The backward-flowing shock which must 
exist in a continuous jet would surely have 
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an important bearing on the behavior of the 
oncoming projectile. For instance, it might 
completely disrupt the oncoming jet, or at 
least change the velocity V of the rear ele- 
ments of the jet. The simplified hydrody- 
namic theory ignores any such shock-wave 
effects in the projectile. The success of this 
theory in describing penetration by shaped- 
charge jets indicates, therefore, that such 
shock effects are possibly unimportant. If, 
as mentioned, a shaped-charge jet were a 
particle jet, shock waves could not travel 
back into the oncoming jet stream. 

Assuming the validity of Equation (10.26), 
one might compute o from the observed 
velocity V, of the jet at the threshold of 
penetration. That is, at the point where U 
becomes zero one obtains 


#07 = c (10.26а) 


where V, is the threshold velocity for plastic 
deformation of the target. However, later 
considerations suggest another restriction 
indicating that the threshold velocity cor- 
responds to equating the left-hand side of 
Equation (10.268) not to с but instead to 
4c at the limit of plastic deformation. More- 
over, one would certainly have to take into 
account a A > 1 at the threshold of plastic 
deformation if the projectile were a particle 
jet or single particle of yield strength greater 
than that of the target. Unfortunately, the 
evaluation of А in particle jet penetrations 
requires a more accurate knowledge of jets 
that have stretched to considerable lengths 
than is possible. The part of the jet involved 
in the target at the limiting depth of pene- 
tration with P-2 charges, for example, is 
invariably one stretched considerably be- 
yond the limit of the \-calibration curve em- 
ployed by Eichelberger. The measurement 
of А by use of Equation (10.268), or its modi- 
fication considered later, would thus best 
make use of single, well-defined particle 
projectiles. 


Hole Volumes in Shaped-Charge Jet 
Penetration 


In addition to the influence of target 
strength on depth, o should also determine 
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the hole diameter through the appropriate 
hydrodynamic relations perhaps in the fol- 
lowing manner: Consider an infinitesimal 
increment of penetration ôD, made in time 
ôt. During this time, which one may take 
small enough that both U and V may be 
considered constant, the jet would have 
transferred to the target the momentum 
(per unit projectile area) 


Фр (У — U)st = bI 


This momentum, owing to high junction 
pressure and interference from subsequent 
elements of jet in the forward direction, re- 
sults effectively only in lateral flow of the 
target as long as ôI is large compared with 
côt, and particles follow sufficiently closely 
to form effectively а continuous jet, except 
right at the surface of the target where relief 
of pressure allows & small backward-flow 
vector. This is because the average velocity 
of expansion of the hole is less than U, and 
jet elements from behind can therefore inter- 
fere with material that would otherwise flow 
radially away from the flowing junction be- 
tween target and projectile elements. Thus 
the distinction between a jet stream and a 
particle stream of independently penetrating 
particles is that in the former the target flow 
is radial cylindrically, while in the inde- 
pendently penetrating, single-particle, plas- 
tic deformation it is radial spherically. Dur- 
ing the lateral flow the Bernoulli law may be 
applied in such а manner as to conserve the 
impulse 5/1 as follows: 


i (5 aut + ») = & = constant (10.27) 


where А is the cross-sectional area of the 
hole at the depth D, at a particular instant 
and A, is the cross-sectional area of the jet 
that made the initial hole. When the flow 
finally is brought to rest (U, = 0), p will be 
equal to с, and the final cross-sectional area 
A’ of the hole at this particular depth should 
thus be 


A’ = A,dI/odt = 41у — U)? (10.28) 


In other words, since the forward flow U is 
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converted immediately into lateral flow by 
high pressure at the junction point the effec- 
tive area resisting the forward flow of the jet 
will be A’ and the total force resisting this flow 
will be effectively A'c. The total force pre- 
sented on the target by the jet will be 
A,:3Ap,(V — U)?, and these two forces will 
be equal and opposite. Equation (10.28) 
predicts that the final hole diameter d’ will 
be related to the jet diameter d, by the equa- 
tion 


d' = d,(V — 0) (р; (2) 
= d, V (4o;)!/*/[(p!/? + (Ар;)!/%)]- р!/%/(2е)!!% (10.29) 


Equation (10.29) appears to apply approxi- 
mately if one takes o as the static strength. 
For example, using the static strength 2- 10? 
dynes/cm* for the mild-steel target, one finds 
from Equation (10.29) for the initial hole at 
two diameters standoff that d'/d, = V ,pj*/ 
2(2c)'? is approximately 23 where V, is the 
velocity of the front elements of the jet. One 
may evaluate this result roughly by the 
radiograph shown in Figure 10.9. The hole 
diameter of the first (thin) target penetrated 
. by the initial jet seems, in this case, to be 
approximately 20 to 25 times greater than 
the jet diameter measuring the jet from that 
part just entering the second target, which 
is the same element of jet that emerged from 
the first target. 

Equation (10.29) predicts also that the 
ratio of the diameters of the hole made by a 
given jet in different materials will be given 
by 


di/ds = (азот). [p + Qo)!]/ 


10.30 
[oi^ + ри] — 


This equation apparently ехргеззез observa- 
tions correctly as shown, e.g., by the results 
in Figure 9.4 for the mild-steel-lead com- 
bination target. Apparently, therefore, this 
hole-expansion theory provides a satisfactory 
description of the behavior of targets pene- 
trated by lined-cavity jets as regards the 
lateral expansion (and therefore hole vol- 
ume) of the target. Conversely, it provides a 
direct method of dynamic-strength deter- 
minations. 
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Hole Volume in Single-Particle Projec- 
tile Impact 


Consider next target penetration by a 
single, high-velocity, cylindrical particle of 
base diameter d, , length Г, and velocity V 
striking base foremost. This particle will 
penetrate the target to the depth given by 
Equation (10.22), and, if the velocity is 
sufficiently high to be above the plastic- 
deformation threshold in the projectile and 
target, А = 1, giving P = L(pj/p)!*. It is 
evident from Equation (10.28) that the area 
of the final hole produced by a given ele- 
ment of jet varies as (V — U)?, or as V?, for 
& particular jet-target combination. Also 
from Equation (10.22) and the condition 
т; = pjA,L, the depth of penetration varies 
as m; . Therefore the total hole volume pro- 
duced by а rod projectile or hypothetical jet 
of length L and diameter d, in which all ele- 
ments of the jet have the same velocity, the 
cross section is constant, and Х = 1, is given 
by 


py” zd, pp; V? 1 


V, = L(oj/p) 5. А’= — ао 


or 


1/3 1/2 
рү pi! 


туу? 
r= ) ww 


Here we distinguish hole volume from veloc- 


ity by subscript ¢. Then for p; = p this 
reduces to 
ys уз 
у, = V, — - — (10.312) 


V, being the total volume of the projectile 
before impact. 

When the projectile is a single particle 
that flows plastically (А = 1) upon impact, 
the impulse flow of the target in crater 
formation will be radial and the hole nearly 
hemispherical. The geometry of the dynamic 
pressure to static pressure conversion will, 
however, quite likely still be such that 
Equation (10.31) should apply in this case 
also, because this equation has in it only 
the ratio of projectile kinetic energy to 4с 
and none of the geometrical properties of 
the jet or projectile. 
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In the case of a shaped-charge jet of nor- 
mal velocity distribution, if the jet has 
stretched sufficient length so that it has 
become distinctly particulate, each particle 
being separated by sufficient distance that 
it penetrates the target singly and inde- 
pendently, the crater produced by each 
particle will tend to be hemispherical. Then 
Equation (10.31) or Equation (10.31a), 
whichever is appropriate, should also apply 
in this type of impact by successive inde- 
pendent particles whenever the flow velocity 
in the target exceeds the threshold velocity 
У. for plastic deformation of the target. In 
this case, part of the target may, however, 
be vaporized, but even if it is, the total 
crater volume will always exceed by many 
times the volume of target vaporized by 
the impact, because most of the hole should 
still be made by the same impulsive plastic- 
flow mechanism. It is believed that the effect 
described by Equation (10.31), under condi- 
tions where a jet is particulate with particles 
sufficiently separated from each other and 
at velocities high enough so that the projec- 
tile as well as the target deforms plastically 
upon impact, is more important in determin- 
ing the difference between steel and lead, as 
regards the depth of penetration by P-2 
charges, than the influence of the yield 
strength on the primary penetration. Indeed, 
in lead targets one can readily observe, to- 
ward the bottom of the hole, evidence for 
the separate spherically shaped craters made 
by separate particles each having penetrated 
into the target separately. The increased 
depth in lead is thus the result of the fact 
that in the range V,(iron) — V,(lead) the 
jet comprises largely independent, single 
particles each of which cause independent 
spherical flow rather than the radial, cylin- 
drical-flow characteristic of penetration by 
particles too close together to penetrate 
independently. 


Kinetic Energy of Jet versus Work of 
Plastic Deformation 


It is of interest next to consider the ratio 
cV,/T; where cV, is the minimum energy 
required to form а hole of volume V, ша 
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target of yield strength c, and T'; is herethe 
kinetic energy of the jet and slug. According 
to the consideration in Chapter 5, the deto- 
nation-head kinetic energy (4M@,Wé.s) 
should be the same as that transferred to a 
plate of mass M, = My, in the impulse loading 
of the plate. Also as mentioned above, the 
cone should. have the same mass for optimum 
kinetic-energy absorption as the equivalent 
flat plate. Accordingly, the relation 


T;=43M.Wo,; М, = М, (10.32) 


should then apply. Consider the Р-2 charge, 
in which using the detonation-head model 
one computes from Equation (5.5) the value 
M, = 23 g. The steel cone of a P-2 charge 
(minus its flange) weighs 25.7 g. Thus the 
cone mass and detonation-head mass in the 
P-2 charge are sufficiently close to each 
other so that Equation (10.32) should apply 
quite well. Hence from Equation (5.3) one 
computes for Т; the value 8.9 kcal for the 
P-2 charge. 

Let us now compare the result from Equa- 
tion (10.32) with the results computed from 
the equation 


77 У: f dm 
т, = [ es (=) dV + Т. (10.33) 


where Т, is the kinetic energy of the slug, 
and the integral expresses the kinetic energy 
of the jet and extends over the entire jet- 
velocity distribution. According to data 
presented by Eichelberger, the jet mass is 
about 5 g and the slug mass about 21 g. 
The latter attains a velocity of about 5. 10% 
cm/sec, giving T, = 0.6 kcal. The experi- 
mental mass distribution showed that 
dm/dV was approximately constant (Figure 
31 in Reference 11 of Chapter 9) at the 
value dm/dV = 7-(+1.5)-10-* g/cm/sec. 
Introducing this in Equation (10.33), the 
result T; = 10.9 (2.2) kcal is obtained. 
This agrees within experimental error with 
the value (8.9 kcal) obtained from Equation 
(10.32). In fact, the slight difference is ap- 
parently accounted for by somewhat smaller 
mass than the above value of dm/dV indi- 
cates in the extreme front of the jet where 
kinetic energy per unit mass is a maximum. 
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Now the hole volume V, in mild steel 
produced by the P-2 charge is about 25 to 
30 cc, giving cV, = 1.5 kcal. This process 
for drilling holes in targets is thus wasteful 
of about 85 to 90 per cent of the energy 
available in the detonation head, and cV, 
is only about 0.5 per cent of the total chemi- 
cal energy of the P-2 charge. 

The ratio of energy lost during penetration 
is accounted for as follows: the work done 


D, 
is [ F dh, where Ё is the force across a 


cross section of the target during penetra- 
tion. The pressure varies from o at the 
periphery of the hole to 3p.(V — 0)? at its 
axis. At any other point on the cross section 
the pressure is АЛр(У — U)*/2A. The 
overpressure р’ at any point 15 thus 


(Аб — U)'/24) — c, and | ( Је ал). 


dh is the energy lost presumably as heat and 
radiation in the shock wave during the 
subsonic flow characteristic of lined-cavity 
jet penetrations into targets. When the flow 
approaches sonic or supersonic such as in 
meteor impact, this overpressure can only 
heat the target and result in vaporization, 
as mentioned in Chapter 9 and described in 
more detail below. 


Standoff in Jet Penetration 


Experimental results have shown that 
the optimum standoff for mazimum penetra- 





Figure 10.10. Diagram of du Pont jet perfora- 
tor (courtesy du Pont Company). 
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tion, as measured from the base of the cone, 
increases with cone angle 2a from about 
one-half to one charge diameter in a 30° 
cone up to about 6d to 8d for the widest- 
angle cones. The optimum standoff for the 
P-2 charge with the 44° steel cone is about 
2d at which the penetration into mild steel 
is about 16 cm. (Incidentally, the optimum 
standoff for maximum hole volume is ap- 
proximately that corresponding to the point 
of final jet formation or even somewhat 
less.) Pugh explained the optimum standoff 
effect as simply the result of asymmetry or 
lack of alignment of the jet, causing its 
components to strike the target at different 
points. If perfect jet alignment could be 
maintained, therefore, the penetration P 
would increase in direct proportion to the 
standoff. The optimum penetration is thus 
a compromise between the disadvantages of 
imperfect jet alignment and the predicted 
advantages (hydrodynamic) of increasing 
length of jet on penetration [Equation 
(10.22)]. After jet formation is complete, Х 
in a particle jet should fall off in proportion 
to 1/Ё, if jet alignment were to remain 
perfect. This condition seems to apply quite 
well in the determinations of Х given by 
Eichelberger for P-2 jets of length between 
13 and 25 cm. But А fell below the theoreti- 
cal value for perfect alignment for greater 
jet lengths, showing for lengths greater than 
25 cm an increased influence of imperfect 
alignment. An effective jet length of 25, 
therefore, evidently corresponds to a stand- 
off of about 8 cm for the P-2 charge. 


Commercial Applications of Cavity 
Effect 


Lined-cavity effect is, of course, of great 
importance in modern military devices. 
Most of the weapons employing lined-cavity 
effect are, however, under security regula- 
tions. Many attempts to apply the extensive 
World War II and subsequent military 
developments of lined-cavity effect in com- 
mercial uses have so far led, however, to 
only limited success. Figures 10.10 and 
10.11 illustrate two applications of commer- 
cial value. 


PRINCIPLES OF SHAPED CHARGES 


259 





Figure 10.11. Diagrams of du Pont jet-tapper charge and blast-furnace tapping operation (courtesy 


du Pont Company). 


Various attempts have been made to adapt 
the lined-cavity effect to borehole drilling 
in hard rock, penetrating hard formations 
in large-diameter drilling, posthole drilling, 
secondary rock breakage, etc. None of these 
has been successful however, primarily owing 
to the high cost of good lined-cavity charges. 
There is no reason to believe, on the other 
hand, that additional successful commercial 
applications of lined-cavity effect are un- 
likely for the future. The most valuable 
application of this important phenomenon, 
however, has been in the great increase in 
the knowledge of high-velocity impact 
phenomena afforded by the extensive studies 
of lined-cavity effect. 


Ultra - High - Velocity and Plastic- 
Velocity Impact by Single-Particle 
Projectiles 


In the following sections the hydro- 
dynamic theory of penetration is extended 
to cratering phenomena in high- or plastic- 
velocity and  ultra-high-velocity impact. 
Here ultra-high velocity refers to velocities 
above the acoustic velocity of the target, 
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and high velocity or plastic velocity to veloci- 
ties in the range from above the plastic- 
velocity threshold V, to the acoustic velocity 
(C > V > V,). It will be shown that ultra- 
high-velocity impact should usually involve 
projectile and sometimes target explosions. 
Such explosions are referred to as impact 
explosions. Under favorable conditions plas- 
tic-velocity impact may also involve a 
projectile impact explosion but seldom a 
(massive) target impact explosion. The 
shape of the crater and the mechanism of 
crater formation are expected to be essen- 
tially the same in both ultra-high-velocity 
and high-velocity impact. The above distinc- 
tion might therefore be superfluous except 
for interest in the generation of metal vapors 
by impact. It is expected that cratering in 
either of these ranges by single-particle 
projectiles will involve the same impulsive 
plastic-flow mechanism in the target as is 
found in shaped-charge jet penetrations, 
except that the plastic flow of the target 
will be hemispherical instead of cylindrical. 
It will be limited also by the yield strength 
o of the target in the same way as in jet 
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penetration, whether impact explosions are 
involved or not. One might therefore have 
difficulty determining simply from after- 
effects whether а crater was formed in an 
impact explosion or simply by high-velocity 
impact. However, with high-speed color 
photography of the event, one may easily 
distinguish between impact explosions and 
simple cratering by impact below the thresh- 
old velocity V. for impact explosions. 


Theoretical Threshold Velocities V. for 
Impact Explosions of Massive Tar- 
get 


The critical striking velocity V, for impact 
explosions of the target should be that veloc- 
ity at which the heat developed by inelastic 
collision in the target becomes equal to the 
heat of vaporization. Assuming that this 
velocity is, in general, in the ultra-high- 
velocity impact range, and possibly in most 
cases at least in the range where even the 
penetration velocity U is greater than the 
shock velocity У,, , the factor of importance 
will be that there is then no means of remov- 
ing from the target the heat of the inelastic 
impact, and explosion must therefore ulti- 
mately result. 

For single-particle impact in the impact- 
explosion realm, Equation (10.24) should 
apply with \ = 1, as suggested by Eichel- 
berger, since the flow in the target and 
projectile will, in general, be essentially 
nonviscous in this case. The inelastic energy 
per gram À which appears eventually as 
heat may perhaps, at least in the range 
where U > V., the shock velocity in the 
target, be computed from the simple work 
integral for the work of compression 


p" 2’ 
на - f" paa -f ' р-р dp 
ee e 


where В is here the compressibility. Target 
impact explosions may then occur when- 
ever А, > ha, where Л, is the specific heat 
of vaporization of the target. One may use 
a suitable theory of compressibility, e.g., 
that given in Chapter 9, to carry out this 
integral. However, for present purpose it is 
sufficient to use simply Вр! = Bopi’, al- 
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though it will underestimate the threshold 
pressure Pe. (A more accurate evaluation 
of h: for a given pressure p, may, however, 
easily be obtained by use of the methods of 
Chapter 9.) Within the validity of this 
assumption and approximation, one thus 
obtains for the threshold pressure p. for a 
target impact explosion 


pa = (20h./8.)! (10.34) 


Equation (10.34) is probably correct within 
about 15 to 30 per cent for рег, but as men- 
tioned, р, may be evaluated more accurately 
if desired. One may then determine the 
impact-explosion velocity threshold V.. by 
means of the equation 


Pet = loy(V« — Оа)? = do Us 
= (2p,h.,/B,)* (10.35) 


assuming that an impact explosion of the 
target results whenever р > ре, defined by 
Equation (10.34). Eliminating U.: by means 
of Equation (10.24) for Х = 1, one obtains 
for the threshold striking velocity V., for 
ап impact explosion the result 


+ p?)/(Bp»o)"* (10.36) 


For target and projectile of the same compo- 
sition, Equation (10.36) reduces to 


Ус = 2(8h./B,p)!!* 


Va = (ВА (ри 


(10.36a) 


Table 10.10 gives theoretical Pet, Var, 
and U.: data computed by the above theory 
of target impact explosions for several 
metals. Note that, in general, U. > C, 
especially when one realizes that бр! < 
Bop: in the work of compression integral. It 
is, of course, necessary that U., be greater 
than V,,, the shock velocity in the metal, 
to ensure that this theory will apply; other- 
wise the energy of inelastic impact could be 
lost from the target by means of the shock 
wave. Possibly target impact explosions will 
always, therefore, be confined to U., values 
above the shock velocity V,, at the pressure 
pet . 

It is of interest to note that, of the targets 
considered in Table 10.10, only zinc and lead 
should be exploded by jets from P-2 and 
similar shaped charges. It was the metals 
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“Zamac” (largely zinc) and lead in which 
the impact explosions described in Chapter 
9 were observed and in which definite target 
mass loss due to these impact explosions was 
measured. This seems to provide evidence, 
therefore, for the approximate validity of the 
above theory of target impact explosions. 


Projectile Impact Explosions 


While loss of energy from the (massive) 
target material that is at any instant in 
collision with the projectile by means of the 
shock wave will take place when U < V., 
this condition will not buffer against impact 
explosions in the projectile or in very thin 
targets because shock waves passing back 
into the projectile (and thin targets) will be 
reflected back and forth in the projectile 
owing to the poor impedance match between 
metal and air. Shock waves will move from 
the collision zone into the projectile at a 
velocity V,, — (У — U) relative to the 
penetration zone. (Of course, when this 
quantity is negative, the projectile is subject 
to the same adiabatic heating as the massive 
target.) However, the projectile should 
undergo an impact explosion at a still lower 
velocity owing to the inability of shock 
waves in the projectile to drain away the 
impact energy. 

Consider a projectile impacting a target 
of the same material such that U is in the 
range U, < U(+ 3У,) < V,,. It seems 
reasonable to assume that the energy of 
impact will be equally divided between the 
target and projectile. (While this seems a 
reasonable assumption for like materials, 
it would not, of course, be true for target 
and projectile of different materials.) Thus 
the energy that accumulates in the projectile 
would be m’(h’ + №”), where h’ is the perma- 
nent heat of impact per gram, Л” is the 
energy per gram passing back into the pro- 
jectile in the shock waves, and m' is the mass 
of the projectile that has already suffered 
inelastic collision. Owing to the much greater 
acoustic impedance p,C of the projectile 
than air, the energy т’ h” due to the shock 
would be effectively confined within the 
projectile. Now the energy m'(h' + Л”), 
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TABLE 10.10. CRITICAL ЇМРАСТ AND PENETRATION 
VzLociTIES гов MassivE TARGET Impact 
EXPLosions 


coe 


Projectile Target 
Steel 
Aluminum 
Copper 
Magnesium 
Zinc 
Lead 
Aluminum 
“ Соррег 
ч Magnesium 
$t Zinc 
“ Lead 
Steel 
s Copper 
“ Magnesium 
“ Zinc 
d Lead 
Steel 
Aluminum 
d Magneeium 
se Zinc 
“ Lead 
Steel 
“ Aluminum 
«t Copper 
e Zinc 
[1] Lead 

Steel 
di Aluminum 
“ Соррег 
sf Magneeium 
«€ Lead 
Steel 
n Aluminum 
s Copper 
“ Magnesium 
“ Zinc 


222 22 


= а 


ыыы 


ма — 
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NOTE: С = velocity of sound = 5.3 (steel); 
5.1 (aluminum); 3.6 (copper); 3.7 (zinc); 1.23 
(lead); 4.6 km/sec (magnesium). 


according to the above postulate, would be 
roughly à4(4m'(V — U)?]. Let us, for con- 
venience, further assume that at the instant 
of impact explosion the energy m' À" is 
uniformly distributed in the whole projectile 
mass m. Probably this assumption will not 
be justified owing to insufficient time for 
establishing uniform heating of all the mass 
m, but it will allow an upper-limit calcula- 
tion of У.» , the critical velocity for projectile 
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TABLE 10.11. PROJECTILE Impact-EXPLosion 
Limits FOR SAME MATERIAL IN TARGET AND 
PROJECTILE 
Metal өүт Р mu 1) —* 2 (m/ Уер - 
km/sec | megabars | km/sec |«) km/sec 
Steel 5.3 0.28 7.7 11.8 
Aluminum 5.8 0.12 8.5 13.0 
Copper 4.6 0.23 6.7 10.1 
Magnesium 5.0 0.06 7.2 11.2 
Zinc 2.6 0.09 3.8 5.6 
Lead 2.0 0.06 2.8 4.6 





impact explosion. Then V., would be given 
approximately by 


mh, = m'(h + h”) = tm! (Veg — Ucp)? = т'У,/16 
or 


Vep = 4(т/т/')!зһ? (10.37) 


Values for V., for т/т’ ratios of 1.0, 2.0, 
and œ, together with р, values for m/m’ = 
1.0, are given in Table 10.11. These results 
indicate that it may be possible to produce 
projectile impact explosions at velocities 
only about 0.45 times the values computed 
for the corresponding massive target impact 
explosions. Moreover, the projectile impact- 
explosion threshold should occur at a colli- 
Sion pressure about 0.2 as great as for the 
target impact-explosion threshold. (If the 
target is thin and narrow, its explosion prop- 
erties should resemble those of the projec- 
tile.) Vaporific effect observed in the 
penetration of thin aluminum targets by 
aluminum jets from small-angle cones may 
thus be simply the impact explosion of some 
of the thin target and the jet elements that 
have velocities in excess of the critical value 
5.8 km/sec for aluminum. Moreover, one 
observes in microsecond-framing color pho- 
tography some vaporized steel in the front 
of steel jets and in the initial target penetra- 
tion by steel. Significantly, no target mass 
loss is observed in either massive steel or 
aluminum targets penetrated by jets of the 
same material in the velocity range of shaped- 
charge jets. Hence the vaporized metal ap- 
parently comes from the jet rather than 
the target, in agreement with the above con- 
siderations. 
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Amount of Target Involved in Impact 
Explosions 


It is next of interest to consider how much 
material of the target will be exploded or 
vaporized when V > Va and U. > Vu. 
While it is indicated above that one may 
usually expect an impact at velocities above 
У to explode all of the projectile, the 
amount of target exploded should increase 
with the difference У — V.a. The total 
matter vaporized in an impact explosion 
will thus be limited to amounts less than 
that determined by the condition 


in,(V — U) = ты. + mihe: 


or, for target and projectile of the same 
material, by 


im, V? = (т, + mih. , 


(10.38) 


or m/m, = V?/8h. — 1 
or 


m/m, < (V2/8h.) — 1 (10.382) 


where m, is the mass of the target involved 
in the impact explosion. Table 10.12 gives 
this upper limit of the amount of target 
that can be vaporized or exploded in impacts 
by 1-g projectiles of the same material at 
various velocities. 

Within the limits of applicability of the 
general theory presented here, the coeffi- 
cient 4(o,p,)!*/(p, ^ + pl *)? in Equation 
(10.31) may be approximated as unity and 
Equation (10.31а) used in the general case 
to compute the crater volume. On this basis 
the results given in Table 10.13 were com- 
puted for several materials using о = 3.107. 
B, dynes/cm? where B, is here Brinell hard- 
ness of the target. 


Crater Volumes in Impact Explosions 
versus High-Explosive Cratering 


One may relate theoretically the crater 
produced by ultra-high-velocity impact to 
that produced by high explosives by com- 
paring the available energy of the explosive 
in explosive cratering with $m,V* for the 
projectile in impact-explosion cratering and 
cratering by high-velocity impact. Available 
energy A is taken to be approximately Q, 
the heat of explosion, for explosives generat- 
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ing only gaseous products of detonation 
when they are confined, e.g., in a borehole 
at a loading density of unity. For explosives 
generating solid products the empirical 
relations 


А = 9’ +30”; Q-Q'-cQ" (10.39) 
discussed in Chapter 11 are applied for соп- 
fined explosions. Here Q’ and Q” are given 
by 

— Со 
С,(9) + Ce (с) 

0" = б, (c)Q 
,(9) + С» (с) 


(10.40) 





(10.41) 


where C,(g) is the average heat capacity of 
the gaseous products per kilogram of ex- 
plosive and C,(c) that of the condensed 
products of detonation per kilogram between 
the initial temperature Т and the explosion 
temperature Тз. For а shot made on the 
surface of the target, А might be approxi- 
mated at possibly half that for the same 
explosive shot under heavy confinement. 

To obtain crater volumes with high ex- 
plosives, one would presumably simply 
replace 3m,V? in Equation (10.31a) by the 
maximum available energy А. Hence for 
high explosives one obtains 


У: = A/4e (10.42) 


where A, used here as the maximum avail- 
able energy, is not to be confused with the 
above usage as an area. 

Experience with cratering by high explo- 
sives shows that the crater radius R may be 
expressed approximately by the equation 


R = Е, Аи (10.43) 


where R, is the crater radius obtained with 
an explosive of unit maximum available 
energy. From data presented by Robin- 
Son,C^- 1. Bef. 16 опе computes by means of 
Equation (10.43) a crater radius of 1.8.10 
em for 10° 10 of TNT. Using this result, A 
in kilocalories and the available energy of 
TNT as 1 kcal/g for completely confined 
TNT and about 0.5 kcal/g for surface- 
detonated TNT, one obtains R, = 3.0 
em/kcal'*, Hence for target hole volume 
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TABLE 10.12. Maximum Тлвокт Mass (GRAMS) 
EXPLODED OR VAPORIZED IN Оттвл-Н1он- 
VELOCITY ЇМРАСТ BY ONE GRAM PROJECTILE OF 
SAME MATERIAL 


V = 10 y-20 У = 50 У = 80 

km/sec km/sec km/sec km/sec 
8/8 8/8 8/8 8/8 
Steel 6.0 45 114 
Aluminum 4.9 37 96 
Соррег 8.4 57 147 
Magnesium 7.0 49 127 
Lead 12.1 51.5 325 837 
Zinc 6.3 28.2 180 466 


TABLE 10.13. Some THEORETICAL CRATERVOL- 
UMES PER UNIT Mass or PROJECTILE (У,/т,) 
IN UrTBRA-HiGH-VELOCITY IMPACT 


У/тр (cc/g) 
Terent а) У = 5 У = 10 У 80 
km/sec km/sec | km/sec 
Aluminum 1.2 25.0 100 | 6,400 
(99.3%, 
rolled) 
Mild steel 2.0 16.0 63 | 4,000 
Steel-chro- 14.0 2.2 9 570 
mium | 
(quenched) | 
(Сг2, С-0.5, 
Mn 0.2) 
Lead (cast) 0.12 | 250.0 1,000 | 64,000 
Magnesium 0.89 | 35.0 140 | 9,000 
(drawn, an- 
nealed) 


У; in cubic centimeters one obtains for 
the crater volume in normal earth 


У, = {РА = 110A (10.44) 


The coefficient 110 cc/kcal in Equation 
(10.44) corresponds to a yield strength of 
about 10% dynes/cm?, which is the correct 
order of magnitude for normal earth. 


Plastic-Deformation Threshold Veloc- 
ity V. 
From Equation (10.312) one may write 
4(V:/V pe) = lo, Vi/c (10.45) 
Therefore from Equation (10.26) at V — V, 
where V, is the target plastic-deformation 


threshold, one obtains (V,/V,,) = 4. But 
this is impossible because it is physically 
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impossible for the target hole volume to be 
less than the volume of the projectile for 
projectiles of the same composition as the 
target. This is by virtue of Equation (10.22) 
(taking Х = 1), ie., penetration must be 
the effective length of the projectile in the 
hydrodynamic theory for p, = p,. But this 
would require at the plastic-velocity limit 
У, = V,, since the diameter of the crater 
cannot be less than that of the projectile. 
Apparently, therefore, the limiting velocity 
for plastic deformation by impact is not the 
value given by Equation (10.26a) but the 
value for which V, = V,. Introducing this 
restriction, therefore, one finds that the 
velocity V, is actually twice as great as the 
value computed by Equation (10.268). One 
thus predicts from this consideration the 
result 


V, = (87/p,)!* (10.462) 
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for projectile and target of the same material 
and for Х = 1. When the target and projec- 
tile are different and А ~ 1, the target vol- 
ume limitation would be V, = У„(Ару/р;)!?, 
and 


1/3 1/2 
у, = (Er [Qe +1 (1046) 


P» (р рр À) 1/4) 3/4 


It seems possible, therefore, that since \ = 2 
at least for a nondeformable particle, У. 
might be less for a projectile having a yield 
strength higher than that of the target than 
for a projectile having yield strength equal 
to or less than that of the target. From 
Equation (10.46a) one predicts velocities 
У. at the plastic-deformation threshold 
ranging from 0.1 km/sec for lead to about 
0.5 km/sec for cast iron and still higher 
values for targets of higher yield strength, 
These predictions remain to be checked ex- 
perimentally. 
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CHAPTER 11 


EXPLOSION PROPERTIES AND BLASTING ACTION OF HIGH 
EXPLOSIVES 


Maximum Available Work and Peak 
Blast Pressure 


In borehole, well-drilled hole, and tunnel 
blasting the effective initial state of the det- 
onation products in the work integral 


ef 
4--[ »d-Q-q (11) 


vi 
is that corresponding to uniform filling of 
the blast hole before any movement of the 
burden has taken place. Here v; is the specific 
volume in this initial state, v, that of the 
final state in the work integral, usually the 
specific volume at which the pressure is 1 
atm, and q the heat content of the gases in 
the final state designated by the subscript 
f, Q and а being referred to the initial tem- 
perature T,. If the loading density ô, de- 
fined as the fraction of blast hole occupied 
by explosive over the part of the hole ac- 
tually occupied, is unity, the initial state 
(subscript т) corresponds to the familiar 
explosion state designated with a subscript 
3. This explosion state and the method of 
integration of Equation (11.1) used here 
were described in extensive studies by 
Schmidt. Аз is thus the thermodynamic 
maximum available work when v;, is the 
specific volume at ру, = 1 atm. If v; > n, 
or/and if v, < v;,, А is less than Aj , even 
though free expansion from v, to v; will 
transfer no heat from the gases to the bur- 
den, because the mechanical efficiency is 
then reduced. However, for ratios of v,/v; 
no greater than about 2.0, the difference 
Аз — A is relatively small for high-density 
explosives. That is, one finds that the p-v 
conditions in most high explosives are such 
that, if v; € 2: , the mechanical efficiency is 
generally very high; in fact, theoretically 
A/Q sometimes exceeds unity by & small 
amount by the calculated final temperature 
T,, dropping below the initial temperature 


of the explosive T; , Q being referred always 
to Ti. 

The initial blast-hole pressure p; is given 
by the equation 


Pi = nRT;/(v — a) = nRT;/a. (112) 


where Т; is related to Q and С, by the rela- 
tion 

T; = Q/C, + T, (11.3) 
all quantities Q, n, T; , etc, being evaluated 
at the specific volume v; by methods given in 
Appendix II. This requires, however, a 
knowledge of a; — v; — o;. [Here p; is the 
total pressure and is not to be confused with 
the internal pressure (p; = (9Е/дУ)г) 
usage in Chapter 4.] The empirically estab- 
lished generality of the a(v) curve (Fig. 4.2) 
permits one to tabulate a,(v,;), so that when 
one knows v; , from known initial conditions, 
а; may be read from the table. Values of 
а:(0) are given in Table 11.1. Hence p; and 
all other thermodynamic variables corre- 
sponding to the initial blast-hole pressure 
p; may be computed thermodynamically 
when the necessary heat data are available 
(Table ii.5). 

This determination of the initial blast- 
hole conditions requires the assumption of 
thermodynamic equilibrium in the products 
of detonation. This assumption seems en- 
tirely justified by the fact that the same 
assumption has been found reliable as re- 
gards the detonation or C-J state designated 
with subscript 2, since no external work is 
done in going from state 2 to state i. The dif- 
ference between state 2 and the explosive 
state 3 involves, of course, the detonation 
wave that moves through the medium of the 
products of detonation. The detonation 
wave and the rarefaction wave, however, 
pass an element of fluid in & few micro- 
seconds, but the burden in normal blasting 
operations does not move appreciably in 


Google 


266 


TABLE 11.1. CovoLUME-VOLUME RELATIONSHIPS 
IN Buast PRESSURE AND ENERGY 
DETERMINATIONS 


pi (g/cc) | a (cc/g) |-- [97 a-! да|р1 (g/cc) |а (вели) fef» a-! da 








2.2 | 0.060 2.70 1.4 | 0.16 0.90 
2.1 | 0.066 2.40 1.3 | 0.18 0.75 
2.0 | 0.073 2.15 1.2 | 0.20 0.60 
1.9 | 0.08 1.95 1.1 | 0.26 0.50 
1.8 | 0.09 1.75 1.0 | 0.32 0.40 
1.7 | 0.10 1.50 0.9 | 0.39 0.30 
1.6 |0.11 1.25 0.8 | 0.49 0.25 
1.5 | 0.13 1.05 0.7 |0.63 0.20 

0.6 |0.80 0.10 


less than, say, 0.2 msec. Hence one may ig- 
nore the influence of the detonation wave in 
most blasting operations. Of course, some 
energy will be lost in initial local fragmenta- 
tion and shock waves that are formed and 
transmitted into the surrounding medium 
at the front of the detonation wave. The 
amount of energy lost by transmitted shocks 
is evidently not large, and, in relative con- 
siderations at least, may be neglected. In 
fact, evidence has been found that only 
when conditions are such as to lead to poor 
blasting efficiency will the seismic waves be 
intense; in a properly loaded shot, seismic 
waves have minimum intensity. Such evi- 
dence suggests, moreover, that the shocks 
radiated from the detonation front are of 
only minor importance, but those set up in 
the burden itself as it starts to move are of 
much greater importance. Modern methods 
of blasting, such as “Rockmaster” blasting, 
make possible such reduction in seismic- 
wave intensity from the blast as practically 
to eliminate in some instances disturbances 
of this type, showing clearly that most of 
the energy radiated in seismic waves origi- 
nates in the burden itself, possibly primarily 
by shear forces set up during movement of 
burden. It seems justifiable, therefore, to ig- 
nore the loss of energy in shock or seismic 
waves and to treat the blasting problem by 
Equations (11.1), (11.2), and (11.3), on the 
assumption that the initial state may be 
determined by the laws of static adiabatic 
equilibrium applied at the specific volume 
Vu. 
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It is next assumed that the work integral 

may be evaluated by applying the laws of 
thermodynamic reversible adiabatic ex- 
pansion to the products of detonation at the 
composition determined in the evaluation of 
the initial blast-hole state $. Actually, in 
state ? products are frequently present which 
are unstable at low temperature, and, more- 
over, ratios such as CO/CO: , H;/H30, ete., 
are quite different at high than at low tem- 
peratures for gases that remain in thermo- 
dynamic equilibrium. Haid and Schmidt? 
showed that it is possible effectively to freeze 
the equilibrium at the state 7 conditions by 
expanding the gases against heavy confine- 
ment, e.g., in a sealed Trauzl block. Thus 
reversible adiabatic expansion should also 
effectively freeze the equilibrium at state т 
conditions. Moreover, studies of, for exam- 
ple, the CO/CO: ratio and other species in 
the products of detonation of various ex- 
plosives indicate а general tendency for the 
equilibrium to freeze at orenear the initial 
state of the work process in commercial 
blasting. In evaluating A from Equation 
(11.1), it is assumed, therefore, that the 
products remain effectively at the composi- 
tion evaluated in the state т. As a matter of 
fact, in many commercial explosives this 
assumption can offer no serious problem, 
because in them one finds in theoretical 
computations no major shift in composition, 
even in an equilibrium model. 
This is because the oxygen balance is usually 
carefully regulated near zero and the tem- 
perature T'; in these explosives is normally 
low enough that the products are predomi- 
nately CO; , Н.О, and №, even in state 7. 

In some explosives, chemical reaction is 
not complete by the time state 7 is reached. 
In such cases one might also expect chemical 
reaction to be greatly retarded or even 
quenched when reversible adiabatic ex- 
pansion begins. It is possible, on the other 
hand, to predict, through the Eyring abso- 
lute-reaction-rate theory and methods de- 
scribed in Chapter 6, the rate of reaction as 
& function of temperature and to determine 
how and when reaction will be quenched, if 
it is quenched. It is then possible, by ap- 
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plication of absolute-reaction-rate theory, to 
predict blasting action in explosives in which 
reversible adiabatic expansion and chemical 
reaction proceed simultaneously. Examples 
are presented below. As mentioned in Chap- 
ter 6, cases of this sort are of great practical 
importance in commercial blasting. 

In evaluating A from Equation (11.1) by 
the above model, the a(v) equation of state, 
Equation (11.2), is here used together with 
data computed from the a(v) curve listed 
in Table 11.1. The method consists simply of 
evaluating Q — q by the reversible adiabatic- 
expansion method. From the combined first 
and second laws of thermodynamics for 
(0E/dV)r = 0, dS = 0 (adiabatic case), and, 
employing Equation (11.2), one obtains 
C.dT = —pdv = —nRTdv/a giving, upon 
integration between state $ and state f, 


т; f 
C.dln T = -f R dv/a 
v; 


T; (11.4) 


= Cn Tj/T, 


where С, is the average heat capacity be- 
tween T; and T, defined by the integral 
that is being replaced by the term of the 
right. C, may readily be computed from 
data and equations given in Appendix II. 
The second integral in Equation (11.4) may 
be split into the terms 


"f y 
Í d In (v — a) and [ da/a, 
% т 


giving finally 
Č log T,/T; = пЁ1ора,/а,+ 2E ыа (118) 
» log T;/T; = nR log а/а; + i]. /a (11. 


The last term in Equation (11.5) may be 
evaluated directly from the a(v) curve; 
values of it are listed for the f, final state in 
Table 11.1, namely for the case that the 
final state of the work integral corresponds 
to p; = 1 atm. The plot a versus a^! shown 
in Figure 11.1 was used in obtaining the 


fe 
integral Í da/a by graphical means using 
the a(v) curve. This plot may be extended 


to а! = 0 by making use of the relation 
ау, = b, where b is here the van der Waals 
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oe Aner 





Figure 11.1. Plot of a^! versus a. 


constant, since in the a(v) approximation a 
becomes b at low enough pressure. While 
ay may vary between about 1.0 and 1.5 
liters/kg, it is sufficient to take ay, = 1.2 
liters/kg, an average value for C-H-N-O 
explosives, because the integral in question 
is quite insensitive to ay,, the last reliable 
point on the a(v) curve corresponding to a 
relatively low value of a^! (see Figure 4.2). 
The integral in question is the negative of 
the area between the curve and а! = 0 
and the vertical lines corresponding to a; 
and a; as illustrated. For o; = ay, it is the 
area under the curve but to the value a^! = 
0, namely about a = 1.2 liters/kg. The 
integral in Equation (11.5) is always nega- 
tive, since a; < o; in all cases and a^! is 
always positive. 

In the state f, one knows ау, from the 
relation aj, = vs, = пЕТ,,/1 because then 
vs, >> ау. For any other final state the 
mechanical conditions involved will usually 
define both state 1 and state f and one may 
then evaluate the integral in Equation 
(11.5) by the relation 


[ ва = * — | da/a (11.6) 
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using values given in Table 11.1 for both 
terms on the right. Hence one determines 
from Equation (11.5) the temperature Ty. 
Since 


т/ 
q= C, dT = СТ, – T) (17) 
т! 
the maximum available energy А may then 
be computed simply from the relation 


Ti T, 
A=] car-] carT-Q-4 (118) 
Ti Ti 
using Equation (11.5) to define Т,. 
While using essentially the same proce- 
dure as outlined above, Schmidt obtained 
a different result because he treated a as a 
constant, evaluating it from the measured 
velocity by use of ап Abel equation of 
state. Thus, the integral in Equation (11.5) 
was zero in Schmidt’s treatment. His treat- 
ment therefore led to Т, values somewhat 
too high, although the influence of the last 
term in Equation (11.5) is not very impor- 
tant for explosives of low density (large vs) 
and/or low loading density (8). 


Approximate Evaluations of 43 


Equations (11.2), (11.5), and (11.8) have 
been applied by the author in computing 
explosion pressures p; and the maximum 
available work Аз using 0; = vs and v; = юу, 
for a large number of C-H-N-O explosives, 
dynamites, and many other commercial 
types. In C-H-N-O and other explosives 
generating no free carbon or other condensed 
products of detonation, one finds, in general, 
that g3 ranges from about — 10 to 50 cal/g 
for v; values between about 0.5 and 2.0 
cc/g. But since Q ranges from about 700 
to 1,800 cal/g., Аз is, in general, within 7 
per cent, usually within 2 per cent of Q. The 
lower value A;/Q = 0.93 results only at 
low фз and large vs values. One therefore 
introduces no appreciable error for these 
explosives at loading densities near unity 
and explosive densities above about 1.0 g/cc 
by applying the approximation 


Аз = 0 (11.9) 
Many explosives generate appreciable 
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quantities of solid or liquid substances in 
their products of detonation. For example, 
TNT produces appreciable free carbon; 
explosives containing SN produce Na;O and 
Na4CO,; , and, if sulfur is also present, as is 
frequently the case, NasSOQ,, МазЗО; , and 
Na,S; aluminized explosives generate among 
other products Al,O;, which exists only in 
the condensed state, etc. One is thus often 
faced with difficult problems of determining 
the work integral for & mixture of gases 
and solids and/or liquids initially all at the 
temperature Т;. Only the gases are able to 
transfer directly their energy Q to а burden 
in reversible adiabatic expansion, at least 
as regards useful work; to become available 
for useful work the heat Q” (= Q — Q’) in 
the condensed phases (Q' is the heat content 
of the gases alone at state 1) must be trans- 
ferred first by heat conduction to the gases 
which then, in turn, transform it into useful 
work by adiabatic expansion against the 
burden. The determination of A sometimes 
involves, therefore, а complicated problem 
of heat transfer in liquids and solids and 
from liquids and solids to the gas phase. 
This problem has not been solved, but one 
may make use of explosives phenomenology 
to make some general approximate conclu- 
sions. 

Naive examples such as the famous 
Krakatao explosion and other mechanical 
explosion phenomena discussed in Chapter 
1 serve to show that heat transfer between 
condensed hot materials and cooler gases 
takes place at explosive rates when the 
temperature gradient at the condensed 
phase-gas phase interface is appreciable. 
While such examples show clearly that heat 
transfer takes place from hot condensed 
materials at explosive rates when the tem- 
perature difference across the interface is 
perhaps 1000 to 2000°C, some equally 
simple examples of explosive comparisons 
show that the heat transfer requires sufficient 
temperature gradient to preclude complete 
thermal equilibrium between the gas and 
condensed phases during adiabatic explosion 
against & burden. For example, cast TNT, 
which at T; has about 20 per cent of its 
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heat in the Q” term, has a heat of explosion 
of 1,125 cal/g compared with 1,140 cal/g 
for Composition B in which Q = Q’ and 
Q” = 0. Composition B is, however, notice- 
ably stronger than TNT, some measure- 
ments indicating as much as 15 per cent 
greater strength. On the other hand, appli- 
cation of the above reversible adiabatic- 
expansion equations gives A3/Q = 1 in both 
cases. The only explanation of the observed 
difference therefore appears to be that the 
solid carbon of TNT does not remain in 
thermal equilibrium with the gases during 
reversible adiabatic expansion. Apparently 
only about half of the heat Q” (= 220 
cal/g) of TNT becomes available for useful 
work. 

Consider next the reaction of aluminum 
with the equimolecular mixture of CO, СО,, 
and НО to produce A130; (c) as follows: 


З[СО + СО, + Н.О (g)] + 8 Al > 
4 Al30 (c) + 3H: + 6 C (в) + 1060 kcal 


The ratio of CO, СО», and H:O will not 
differ greatly from this equimolecular ratio 
in explosives of oxygen balance between, 
e.g., that of TNT and that of Composition 
B, and furthermore the computed mechani- 
cal efficiency A3/Q is nearly unity in all 
cases. One may therefore use this result to 
estimate the availability of Q" for aluminized 
explosives. In TNT, Q'/Q = 0.80, but 
Q'/Q = 0.5 for 78.6/21.4 Tritonal. Now Q 
(Tritonal)/Q(TNT) = 1.5 (this agrees 
substantially with more refined calcula- 
tions). But Q’ (Tritonal)/Q’(TNT) = 1.0. 
Thus if A; = Q, Tritonal should be about 
50 per cent stronger as regards maximum 
available energy than TNT, but if Аз = Q’, 
Аз (Tritonal)/A3(TNT) = 0.95. Experimen- 
tally it appears that Tritonal develops 
about 15 to 20 per cent more underwater 
blast energy than TNT. This suggests 
again that perhaps about half of the energy 
Q” is available for useful work in Tritonal 
and TNT. 

Next consider Composition B versus 
78.6/21.4 Composition B/aluminum. In this 
case Q'/Q = 1.0 for Composition B, and 
one estimates from the above а value Q 
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(B — aluminum)/Q(B) = 1.6. On the other 
hand, Q' (B — aluminum)/Q'(B) = 0.9. 
Thus if ©” were wholly available, Аз (B — 
aluminum)/A;(B) = 1.5, but if Q” were 
wholly unavailable this ratio would be 
about 0.9. Experimental results in under- 
water blasting indicate that this ratio may 
be about 1.20 to 1.25 for this mixture. 

Finally let us consider the experience 
with dynamites containing SN versus those 
with AN. An oxygen-balanced SN-fuel 
mixture (balanced dope) generates about 
10 per cent more heat than an oxygen- 
balanced AN-fuel mixture, assuming that 
all the sodium goes to form Na,CO;. The 
latter, with a high-grade fuel such as paraffin, 
has a maximum available energy Аз of 
about 850 to 900 cal/g which is practically 
the same as its Q. Thus A; (SN-balanced 
доре)/Аз (AN-balanced dope) = 1.1, if Q” 
were completely available for useful work; 
but if it were completely unavailable, 
Аз (SN-dope)/A3; (AN-dope) would be 
about 0.5, assuming again that the con- 
densed phase is Na4CO;. As a matter of 
fact, commercial explosives engineers use & 
factor close to 0.5 to relate SN- to AN-dope 
based on ballistic-mortar results. But they 
also recognize that explosives generating 
solids such as NaCO; , AhO; , etc., develop 
more available energy relative to explosives 
with no solid or condensed products than 
is indicated by their rated strength based 
on ballistic-mortar results. On the other 
hand, it is equally certain that balanced 
SN-dope does not generate 10 per cent 
more available explosive energy than 
balanced AN-dope. Again a factor of about 
one-half for the ratio of Q” available for 
useful work seems to be a fairly good 
representation of observations; i.e., on the 
basis of experience one might assign about 
0.8 for the ratio of Аз for SN-dope to that 
for AN-dope. 

To summarize, it appears that only 
about half of the heat Q” proportioned to 
condensed products at the initial state $ of 
the blasting process may become available 
for useful work. On this basis one may 
estimate Аз for explosives generating appre- 
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ciable solid or liquid products of detonation 
by the approximation 

Ai = Q' + 4Q” 
which is, of course, only a very rough ap- 
proximation subject to considerable error. 
Based on the use of Equations (11.2) and 
(11.10), the maximum available energies 
Аз and maximum blast-hole pressures рз for 
straight (SN-dope) and hypothetical am- 
monia (all AN-dope) gelatins are shown in 
Figures 11.2 and 11.3. The zero-NG value 
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Figure 11.2. Q, Аз, ps, and р: versus per cent 
NG in straight gelatins (approximate). 
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Figure 11.3. Q, Аз, ps , and pi versus grade for 
(all AN) ammonia gelatins (approximate). 
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of Q in this case is lower than for a high-grade 
fuel-SN mixture, owing to the relatively low 
fuel content of the dope fuel. In the hypo- 
thetical ammonia gelatins presented in 
Figure 11.3, the approximate densities of 
normal ammonia gelatins were used, but 
the compositions used in these computations 
were unreal in order to provide data for 
esitmating Q, Аз, and р; in dynamites in 
general. Thus normal ammonia gelatins 
contain some SN and other solid-product- 
forming ingredients. The same relatively 
low-grade fuel as is used in normal balanced 
dopes (wood pulps and meals) was also 
used in these computations. Straight and 
ammonia dynamites of a given dope content 
have, according to computations, about the 
same Аз values as the corresponding gelatin 
with the same dope content. 

The blast-hole pressure р; may be com- 
puted approximately by means of the equa- 
tion 


Рз(р1)/р:(5) = ai/ai (11.11) 


using data in Table 11.1 for the а; as a 
function of p; and the values of p,(p:) 
shown in Figures 11.2 and 11.3. Here ру is 
the value shown in the p, versus strength 
curve and р the actual blast-hole density. 
This approximation assumes that nRT; is 
independent of density, which is a fairly 
good approximation for most commercial 
dynamites. For a dynamite containing the 
SN-AN-balanced-dope mixture, one need 
simply interpolate linearly between the Q 
and Aj curves of Figures 11.2 and 11.3. 
Since, according to the basis for computation 
given above, a 100 per cent SN-dope is 
only about 20 per cent lower in A than a 
100 per cent AN-dope, one should make no 
appreciable error by using this linear inter- 
polation. Thus Figures 11.2 and 113, 
together with Equation (11.11), contain all 
that is necessary to make plausible estimates 
of Аз and rather good determinations of p; 
for all NG dynamites except those in which 
the rate of chemical reaction is such that 
reaction is still incomplete at the initial 
state $. These are considered later in this 
chapter. 
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Trauzl Block and Ballistic Mortar 


Let us now apply the above fundamental 
methods to discuss the reliability of the 
Trauzl-block and ballistic-mortar methods 
which comprise the only methods of strength 
determination that have yet been used to 
any appreciable extent in commercial 
explosives technology. Gordon, Reed, and 
Lepper! discussed in detail the Trauzl-block 
method. They showed that the work of 
deformation did not vary linearly with the 
weight (or energy) of the explosive, but 
instead the volume of expansion Vm was 
related to the weight of explosive w by the 
equation 


0/0. жа — b log va 


where a and b are constants. They showed, 
however, that there was an excellent corre- 
lation between the nT product (or nRT) and 
the expansion volume. This seems itself to 
be evidence that the Trauzl block is а meas- 
ure of relative available energy. Gordon et 
al. showed that excessive charges of high- 
grade explosives such as RDX caused 
V-shaped cracks to form, starting at the 
corners of the block. These cracks were due 
to reflected shocks of the type discussed 
thoroughly by Rinehart and Pearson.” They 
ean be avoided, as shown by Gordon её al., 
simply by restricting the charge in the 
block. 

Lothrop and Handrick* employed Trauzl- 
block data from a number of sources 
(without regard to quality) for a large 
number of explosives in their interesting 
correlation of power and brisance with 
oxygen balance. There is some question as 
to their usage of power and brisance. It is 
very questionable that the Trauzl block 
measures power (the rate of doing work); 
otherwise the actual density and pressure 
would have much more important influence 
on Trauzl-block results than they actually 
do have. Moreover, there is no reason to 
believe that brisance is power; brisance 
seems to be directly related to detonation 
pressure. It seems, therefore, that ‘‘power 
and brisance,’’ as used by Lothrop and 
Handrick, is а misnomer and that strength 
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would be a much better designation. As a 
matter of fact, strength is the term that has 
been used in the industry for many years as 
the factor measured in both the Trauzl 
block and the ballistic mortar. 

The empirical (approximate) correlation 
of strength with oxygen balance has been 
known for many years in the explosives 
industry. It is unfortunate that Lothrop 
and Handrick used а very arbitrary, and in 
reality unsound, method for estimating Q, 
the heat of explosion; had they used ac- 
curate Q data they might have found the 
known close correlation of Q with strength 
that exists for explosives that generate no 
solid residues. 

That the ballistic mortar yields available 
energy А data for the actual conditions of 
its operation is shown later. Evidence is 
presented below also that the Trauzl block 
is & measure of available energy for its 
particular conditions of use. The following 
discussion is based on the assumption that 
both the Trauzl block and the ballistic 
mortar are measures of available energy 
under the particular conditions involved in 
their operations. 

In the Trauzl-block method the explosive 
is sealed into the block with stemming and 
sometimes а screw cap at а loading density 
of unity. This is & desirable feature of this 
method because the initial state $ then 
corresponds exactly with that in field use 
for 5 = 1.0. Moreover, if desired, one may 
lower the loading density in the Trauzl 
block to match any other borehole loading 
density desired, although this has not been 
done. Now regarding state f, one expects 
the expansion in а lead block to continue 
until the pressure in the gases drops to the 
yield strength of lead. This state obviously 
does not correspond exactly or even closely 
to the f, state (p; = 1 atm). One measures, 
e.g., expansions of about 300 to 600 сс, 
using & 10-g charge. But the volume of the 
products of detonation at р» = 1 atm is 
10 to 20 times greater. The value of the 
yield strength o for lead is about 20 atm. 
Hence one expects that p, in this case will 
be about 20 atm and that v, = nRT/20, 
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TABLE 11.2. TRAUzL-BLocK EXPANSION 
Data versus А} 


Literature 
Explosives 43/800 
t 1 L] 1 

BG 16.0 16.6 
LNG 15.3 | 17.1 to 20 17.7 
PETN 14.0 16.6 | 16.4 
RDX 16.7 | 16.4 
TNT (10.0)| 7.9 to 10 9.5 | 9.6 
Picric acid 10.8 | 9.6 to 10.1 |(10.0) (10.0) 
Tetryl 11.5 | 10.7 to 12.5 | 12.0 | 11.7 


t From Reference 3, reduced to relative Trausl 
block strength by dividing expansions in cubic 
centimeters by 360. 

1 From Reference 5, using expansion in cubic 
centimeters/300. 

$ From Reference 6. 

|| Calculated. 


which is in qualitative agreement with 
observed hole volumes. The expansion 
process should be almost ideally reversible 
in the thermodynamic sense in the Trauzl- 
block method, owing to the fact that at all 
times during expansion the inertia of the 
block provides the required opposing force 
and there is no gas leakage or appreciable 
heat transfer by conduction. The only 
discrepancy in the Trauzl-block method as 
a measure of Аз aside from reproducibility 
therefore resides in the about 20 times lower 
v; than vje. However, the ratio (v; — 
aj)/(*^; — а; still amounts to about 300 
for an average-density explosive. Hence log 
T,/T, < —2.5 nR/C,, since the last term 
in Equation (11.5) is also negative. Hence 
T,/T; ~ 0.1, and therefore Aj is close to 
Аз. In fact, most of the available work of 
an explosive is accomplished, if state i is 
the explosion state, during the first 5 to 10 
per cent of the expansion, owing to the fact 
that, during this portion of the expansion, 
p is in the range from p; (50 to 100 kilo- 
atmospheres) to about р;/50. Theoretically, 
therefore, the Trauzl block provides an 
excellent measure of available energy. 
Unfortunately this method is not as repro- 
ducible as one might desire and, тогеоуег, 
is too cumbersome for routine use. Even so, 
all explosives should be measured by the 
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Trauzl block for a reliable measure of the 
available energy under high loading density. 
Unfortunately this has not been done 
accurately, but reliable data are available 
for several explosives.?: * ® Some of these 
are summarized in Table 11.2. 

Taylor and Morris? have discussed the 
ballistic mortar presenting calibrations of 
the mortar in absolute energy units. Similar 
unpublished studies have been carried out 
by the author. The chamber volume in the 
conventional mortar is such that a 10-g 
sample attains a loading density à of about 
0.04. Hence v; ~ 25 liters/kg. The gases do 
work in the mortar while the chamber 
volume increases, as the projectile moves 
out of its barrel, by a ratio of about seven. 
Hence for а 10-g sample v, ~ 175. At these 
large values of v; and оу, one can neglect 
the covolumes а; and ау, and mortar 
pressures during reversible adiabatic expan- 
sion are thus in the range 1,000 to 100 atm. 
Since log Т,/Т; = —(nR/C;) log 7, Т,/Т = 
0.8 and A/Q ~ 0.2 to 0.3. Clearly, therefore, 
the ballistic mortar is not a reliable method 
for determining field strength of high ex- 
plosives. Neither the initial state т nor the 
final state f in the ballistic mortar agrees 
even closely with the initial state 3 and the 
final state f, applicable in commercial 
blasting. Moreover, gas leakage from the 
mortar is appreciable during the reversible 
adiabatic-expansion stage. Aside from these 
conditions the ballistic mortar is а near- 
precision instrument as regards what it 
actually does measure. It is usually repro- 
ducible within about +2 per cent and may 
be shown to develop about 85 per cent of 
its theoretical mechanical efficiency. That 
is, the actual efficiency e’ of the ballistic 
mortar is about 85 per cent, but its mechani- 
cal efficiency e = A/Q is only 20 to 30 per 
cent. The 15 per cent loss in actual efficiency 
is associated primarily with gas leakage 
through the annulus between the mortar 
and the projectile and through the cap fuse 
hole in the projectile. 

The author studied extensively the 
mechanical and actual efficiencies for ex- 
plosives both with no and with appreciable 
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condensed products of detonation. In these 
studies it appeared that solid and liquid 
products may not contribute any of their 
heat content Q” in the energy developed in 
the mortar. Thus the energy Q” appeared 
to be completely unavailable as far as the 
mortar strength is concerned. This is per- 
haps not surprising in view of the above 
considerations of Q”; the difference T; — Т, 
is, in all cases, less in the ballistic mortar 
than 1000°К. The thermal gradients re- 
quired to make available a part, at least, of 
the heat content of condensed products is 
therefore either lacking or is too small to be 
significant during the interval of reversible 
adiabatic expansion in the ballistic mortar. 
Another difficulty of the ballistic mortar is 
that the computed products of detonation 
at the state $ of the mortar frequently are 
quite different from those involved in the 
explosion state 3. One important example is 
TNT; it is used generally as the standard in 
establishing the calibration curve. In the 
state $ of the mortar the CO/CO: and 
H;/H30 ratios in the products of TNT are 
several times larger than in the explosion 
State. This is true also of other explosives 
of very negative oxygen balance. Dynamites, 
on the other hand, generally do not exhibit 
in theoretical determinations large differ- 
ences in composition between the explosion 
state and the state i applying in the mortar. 
Mortar data are invariably used as relative 
data based usually on (low-density) TNT 
as & standard. In comparing explosives in 
which the products of detonation are about 
the same, the mortar data appear quite 
reliable. But difficulties frequently arise 
regarding the use of relative mortar-strength 
data for explosives that differ radically as 
regards products of detonation. Moreover, 
the initial state of the sample may have an 
important effect on the observed results of 
mortar strength. For example, cast TNT 
develops less strength in the mortar than 
the same weight of loose TNT, even though 
one knows from experience as well as calcu- 
lations that cast TNT has considerably 
higher Q and Аз than loose TNT. Further- 
more, intimately mixed RDX-wax combi- 
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nations develop considerably less strength 
than, say, simple mechanical mixtures of 
RDX and solid wax shavings of the same 
composition. Many other such anomalies 
can be cited to show the difficulty in corre- 
lating ballistic-mortar strength with field 
behavior. Even so, the maximum available 
work A in the mortar can be predicted quite 
accurately by use of Equation (11.8), 
using for T, the simple equation 


T, = Т.(7) "810" (11.12) 


Furthermore, since Т, ~ 0.8 T;, one may 
use the approximation C, + С, with fair 
success. 


Blasting Criteria 


A large variety of conditions are encoun- 
tered in the numerous applications of 
explosives in mining, quarrying, construc- 
tion, and various other types of blasting. 
As a consequence, explosives of widely 
different weight strength, velocity, density, 
and blasting action are needed to meet the 
great variety of conditions encountered. The 
selection or development of the explosive 
best suited for each application is thus a 
problem of great importance. Moreover, the 
size of the borehole, the spacing between 
adjacent holes, the loading density, stem- 
ming, and the mode of initiation are all 
important factors among others that must 
be carefully regulated for optimum per- 
formance of an explosive. The following 
discussion is concerned primarily with the 
criteria for selection of the explosive and 
with the influence of the loading density on 
its performance in the borehole. Some of the 
the other important problems in commercial 
blasting are considered in Chapter 13. 

Criteria which have been applied in the 
past in the selection of the best explosive 
for a given type of blasting are: (1) the deto- 
nation velocity, (2) the available energy per 
unit weight, and (3) the density of the 
explosive. In general, when the burden 
comprises very hard rock which is difficult 
to fracture, one selects the explosive with 
the highest detonation velocity and maxi- 
mum available energy density. Conversely, 
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if the burden is very easily fragmented but 
one desires a minimum of fragmentation, one 
selects a low-velocity explosive usually also 
with a relatively low available energy 
density and/or one in which the pressure- 
time curve is controlled by the reaction rate. 
Between these extremes are to be found an 
almost continuous distribution of conditions, 
each of which requires its own appropriate 
explosive for optimum efficiency. 

While it has generally been possible for 
experienced technicians to apply these 
criteria together with appropriate experience 
factors to obtain phenomenally high effi- 
ciencies of performance, it has been clearly 
recognized that the above criteria are 
inadequate and sometimes even rather 
sharply anomalous. The experience factors 
one uses to correct these criteria are, of 
course, applicable only with familiar explo- 
sives, and one may come to know the explo- 
sive only by observing its field performance 
before the proper corrections to these 
criteria may be applied to make possible 
the most efficient application of an explosive. 
Sometimes, of course, technicians become so 
expert that, if they know the formula and 
the physical state (primarily particle size) 
of a new explosive, they may guess the 
required experience factors with considerable 
success, or at least establish them with a 
minimum of field tests. 

It is, however, the intensive property 
pressure p [or the pressure-time p(t) curve] 
and the available energy density р: А 
rather than the detonation velocity and 
mortar strength which are of importance in 
determining the blasting action of an ex- 
plosive. The eztensive property p: А (energy 
density) dc'ermines how much explosive is 
required to perform the task at hand, and 
the peak pressure or the p(t) curve deter- 
mines how well adapted the explosive is to 
the burden. If peak pressure [ог the p(t) 
eurve] were of no importance, one could 
carry out all blasting operations with a 
single explosive merely by adjusting borehole 
sizes, loading densities, and spacings. As a 
matter of fact, a great deal of flexibility is 
possible in the use of a given explosive, 
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owing to the great importance of borehole 
size and spacing. However, careful selection 
of the explosive best suited for a given type 
of rock can have an important bearing on 
the efficiency of utilization of explosive 
energy and therefore upon blasting costs. 
According to the hydrodynamic theory 
discussed in Chapter 4, the detonation 
pressure р» is given by the equation ps = 
piDW. In condensed explosives, in general, 
the particle velocity W is approximately 1D. 
Moreover, the velocity D normally varies 
linearly in density according to the relation 
D = a + bp, where a and b are constants. 
Hence p: is given approximately in terms of 
detonation velocity by the equation 


р: = “p = (D? — aD*)/4b (11.13) 
Furthermore, as a rough approximation, 
one finds that p:/pz is nearly 0.5 in most 
explosives. One may thus estimate the 
explosion pressure рз, or the initial blast- 
hole pressure at ô = 1, by the equation 


p: = D? (D — a)/8b (11.14) 


(The conversion factor for pressure in at- 
mospheres and velocity in meters per second 
is 0.00987.) 

Since the initial blast-hole pressure, or 
more accurately the pressure-time or p(t) 
curve, is undoubtedly the most important 
explosive factor in determining rock break- 
age (providing, of course, that the borehole 
contains the necessary total amount of 
explosive or total explosive energy to blast 
the burden properly), it is primarily the 
quantity p; that comes under consideration 
in determining the effectiveness of an ex- 
plosive in most types of blasting. In other 
cases, such as coal mining and blasting for 
minimum fragmentation one must also pay 
careful attention to the entire p(t) curve. It 
is, therefore, p; rather than D which should 
be used as the intensive property for charac- 
terizing an explosive. But one observes from 
Equation (11.14) that, aside from the 
influence of the empirical constants a and b, 
рз is related directly to the detonation 
velocity D. Hence it is not surprising that 
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D has found an empirical, approximate 
application as the intensive property one 
uses to estimate blasting action. However, 
owing to the approximation involved in 
Equation (11.14) but in most cases even 
more to the variations of a and 6 from one 
explosive to another, this criterion is not an 
exact one and may even lead to serious 
anomalies, particularly with explosives of 
high condensed products/total products 
ratio and in which the reaction rate is low. 
It is unnecessary, however, to use the veloc- 
ity criterion, since the really fundamental 
intensity property рз may be applied directly 
with little effort by use of the available ther- 
mochemical and the above thermodynamic 
methods for computing the thermodynamic 
properties of explosives. 


Influence of Loading Density 


The peak borehole pressure p; depends 
critically on loading density, owing to v; 
itself and also to the fact that the covolume 
« is an appreciable fraction of the total 
volume v; at the density ри or рз. Hence, if 
v; is even only slightly greater than v3, pi 
will be significantly lower than p; , especially 
in explosives of high density. Table 11.3 
illustrates the influence of 5 on р; for several 
explosives. It is clear from these results that 
the loading density is itself of great impor- 
tance and, indeed, may itself be adjusted to 
obtain the best possible matching of the 
explosive to the burden. Thus if one has on 
hand only a very high-pressure explosive but 
requires a low-pressure one, he may largely 
offset the influence of an excessive explosion 
pressure by using sufficient air cushioning 
to reduce p; to the required level. This is, of 
course, a less efficient and more costly means 
than to select an explosive having the neces- 
sary low pressure when its loading density 
6 is unity. 


Reaction-Rate Controlled p(t) Curves 


In the above discussion it has been tacitly 
assumed that the chemical reaction rate in 
detonation is such that the explosive is all 
consumed before the initial state for doing 
work on the burden is reached. Under this 
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TABLE 11.3. INFLUENCE or LOADING 
Density on INrTIAL BLasT-HOLE 
PRESSURE р; 
Density High- 
90% straight, 40% straight ammonia 
gelatin gelatin dynamite 
(g/c)| (и) 1075 NG 
A 
ó i g 
hole [вам 
= 
1.35| 37.2) 11.5 1.0 | 265 
1.3 | 35.9] 11.0 0.96 | 245 
1.25| 34.5] 10.6] 1.0 | 45000.925| 220 
1.2 | 33.1 10.2) 0.96) 4050.89 | 205 
1.15} 31.7) 9.8] 0.92) 36810.85 | 185 
1.1 | 30.4] 9.3) 0.88] 330 1.0 | 265 
1.05} 29.0] 8.9] 0.84) 275 | 0.95| 245 
1.0 | 27.6] 8.5 0.91} 220 
0.9 | 24.8) 7.6 0.82] 175 
0.8 | 22.1) 6.8 0.73) 145 
0.7 | 19.3) 5.9 0.64. 115 
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Figure 11.4. Typical pressure-time curves in 
borehole blasting. 


condition the p(t) curve falls smoothly at a 
decelerating rate, as indicated by the solid 
curve in Figure 11.4. This type of curve is 
characteristic of all explosives in which the 
velocity-diameter D(d) curve is flat, or in 
which D = D* (ideal or hydrodynamic 
velocity). Even in explosives where D is 
slightly less than D*, i.e., where the reaction 
time is finite, one will obtain a p(t) curve 
for isentropic expansion against a normal 
burden resembling the solid curve in Figure 
11.4, because reaction times for only slight 
nonideality are of the order of microseconds, 
whereas the work process requires milli- 
seconds. Owing to the fact that reactions in 
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the detonation of solid explosives are рге- 
dominantly surface reactions which follow 
the Eyring surface-erosion model, one may 
select ingredients coarse enough that the 
total reaction time may become of the 
order of milliseconds instead of microsec- 
onds. Such explosives develop p(t) curves 
quite different from the corresponding 
explosive of much smaller reaction time, as 
shown by direct measurements of the p(t) 
curve discussed in Chapter 6. А typical 
curve for a dynamite with coarse AN is 
illustrated by the dotted curve of Figure 
11.4. Explosives of this type are especially 
well adapted to blasting operations requiring 
а minimum of fragmentation but sustained 
pressure. Explosives designed to produce 
large lump coal usually develop p(t) curves 
of this type; they are characterized by 
relatively very low initial pressure pi, a 
pressure maximum occurring from 0.1 to 1.0 
msec after detonation, and а so-called 
heaving action. By heaving action is meant 
simply sustained pressure. This heaving 
action is achieved, and at least a large 
portion of the potential energy of the 
explosive eventually realized as useful work 
A by chemical reaction continuing long after 
the detonation wave has passed. Indeed, 
measurements of the maximum available 
energy of such explosives show that they 
generate eventually nearly as much total 
blast energy as the corresponding explosive 
with ingredients so small in particle size as 
to produce the p(t) curve characteristic of 
an infinitely fast reaction rate. However, 
D/D* may be even less than 0.25, correspond- 
ing to about 10 per cent or less reaction in the 
detonation wave. It is possible from reaction- 
rate data, together with the theory of the A 
function and the equations of state, to 
predict with confidence the p(t) curves of 
explosives having p(t) curves of this type. 
Unfortunately the computation of a p(t) 
curve showing a maximum at a time long 
enough to influence blasting action is 
tedious and must, moreover, be repeated for 
each new set of conditio.s one encounters 
in practice. The reward for such computa- 
tions, however, is а rather precise prediction 
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of blasting action. Explosives technicians 
might thus consider the application of 
modern ultra-high-speed calculators to this 
problem of rather considerable commercial 
importance. 

Presented below are some detailed com- 
putations that were made by the author for 
two explosives, one having a high enough 
reaction rate as to be complete before state ї 
is reached, and the other having a low 
enough rate so that reaction is ultimately 
effectively quenched by the rapidly dropping 
temperature during reversible adiabatic 
expansion against the burden. 

In calculating the effective total reaction 
in borehole blasting, it is necessary to trace 
the p, v, T relations from state 7 to state f. 
These relations depend (1) on the equations 
of motion and (2) on the reaction rate of the 
explosive. Let us assume hemicylindrical 
expansion, i.e., that the burden of the drill 
hole is free to move out only radially in a 
semicircle, motion being prevented in the 
other 180? of the circle by the rock forma- 
tion. The equation of motion is 


Е = Md*r/dt® (11.15) 


where F is the effective total force per pound 
of explosive applied by the explosive gases 
on the burden at any instant, M is the weight 
of the burden per pound of explosive, and r 
is the distance along the radius of the hemi- 
cylinder. Equation (11.15) is nontractable 
analytically, because F is a complicated 
function of r and dr/dt. Moreover, as men- 
tioned, some of the energy will be lost via 
propagating shock waves, gas leakage, local 
pulverization, and heating of the burden. 
(These losses may be evaluated in an experi- 
mental study of the velocity of the burden 
as a function of time, using an explosive of 
high reaction rate, by means of high-speed 
photography.) These effects will be neglected 
in the present computations. Equation 
(11.15) can be solved, although somewhat 
tediously, by stepwise or graphical integra- 
tion, assuming as an average force (F) for 
each step the value of F obtained in the 
previous step minus half the difference 
between the Ё’з obtained in the two preced- 
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Figure 11.5. Calculated pressure, temperature, burden velocity, and kinetic energy versus time rela- 
tions using 60 per cent straight gelatin in 5-in. diameter at 4 tons/lb loading ratio. 


ing steps. The intervals in r and ¢ must, of 
course, be small in order to make this 
computation valid. There remain boundary 
problems, however, such as the determina- 
tion of an upper limit for the velocity of the 
burden in a given time, or the time allowed 
before energy transfer from the gases to 
the burden is appreciable where F may be 
regarded as constant and Equation (11.15) 
integrated directly. In this consideration it 
is the integration for constant F in each step 
which will be used in the stepwise integra- 
tion, and the integrated form, taking the 
initial time and distance r as zero, is then 
simply 

Ft = Madr/dt (11.16) 
and 


3Pn = Mr (11.17) 


When r and ¢ are not zero in the initial 
stage, the appropriate constants must be 
added to Equations (11.16) and (11.17). 
It is of interest first to determine the 
upper limit of the velocity and distance of 
motion of a burden in the case that the 
reaction time is too short to be limiting. 
Such is the case in, e.g., 60 per cent straight 
gelatin. Figure 11.5 presents a complete 
integration of Equation (11.15) from the 
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instant of passage of the detonation wave 
for 60 per cent straight gelatin until the 
gases cease to do work by reaching atmos- 
pheric pressure. In this calculation the 
assumptions cited above were employed. 
The calculations show: 

(1) The temperature drop from the 
explosion temperature was only about 4 
per cent during the first millisecond. The 
explosion temperature, however, is 600 to 
800°C less than the detonation temperature, 
so that the reaction rate immediately after 
the wave has passed falls to as low as one- 
fifth to one-twentieth (depending on the 
density) of that in the detonation wave. 
Nevertheless, such explosives as the gelatin 
dynamites will not show incomplete reaction 
in a 5-in.-diameter borehole owing to the 
relatively long times involved before energy 
dissipation from the gases is appreciable. In 
fact, in this case the reaction is nearly com- 
pleted in the detonation wave. 

(2) The theoretical maximum velocity of 
the burden in this case was 105 ft/sec. 
Measured velocities may be compared with 
this value to give information on extraneous 
losses. 

(3) The total time required for the gases 
to deliver their available energy to the 
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Figure 11.6. Computed pressure, temperature, fraction of reaction, burden velocity versus time rela- 
tions in explosive with low rate-of-pressure development (e.g., coarse AN, low-NG type) 115 -іп. charge 


in 134-in. borehole at loading ratio of 8 tons/lb). 


burden in the case shown was computed to 
be 0.2 to 0.25 sec. However, in 0.012 sec they 
should have delivered about half of their 
available energy. 

(4) Since movements less than about 6 in. 
will not be detectable by usual photographic 
means such as the use of а **Fastax" camera, 
the calculations predict that the first 
motion of the burden will be detected about 
0.01 sec after initiation. 

Since the ratio of surface area to volume 
is greater in small than in large diameters, 
it is evident that the velocity and distance 
of motion of the burden as a function of 
time depend not only on the available 
energy density and borehole pressure of 
the explosive but also to an important ex- 
tent on the actual diameter. For example, 
the acceleration and the velocity at a given 
time in the early stages of the blasting 
process will be roughly 10 times greater in 
1)4-in. size than in 8-in. size if the borehole 
pressure, available energy, and loading 
ratio (tons of rock per pound of explosive) 
are the same. That is, the total force per 
pound of explosive (which is proportional to 
the contact area per pound) is proportional 
to the acceleration. Likewise, one should 
expect that the burden of a well drill hole 
will break out much faster than that of, 
зау, а coyote tunnel. 
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Figure 11.6 presents results of а graphical 
or stepwise integration of the equation 
of motion, Equation (11.15), for a lump- 
coal-type explosive containing 7 per cent 
NG and 93 per cent balanced AN-dope of 
20 mesh AN in 114-in.-size shot in a 134-in. 
borehole, at a loading density of 1.0. In 
addition to the variables in the problem of 
60 per cent gelatin dynamite, the reaction 
rate becomes a variable of importance in 
this problem. This variable was handled in 
the same stepwise manner. The calculations 
were extended only until the explosive 
theoretically ceased to react. It must be 
recognized that this procedure is not exact 
unless sufficiently small intervals are taken, 
but it is estimated that the error in calculat- 
ing the total reaction by this method with 
intervals of about 10-5 sec should not exceed 
+5 per cent. This calculation showed 77 
per cent for the amount of reaction occur- 
ring in time to support the blasting process 
in this case. Moreover, the p(f) curve is 
clearly of the type found in studies by the 
cannon method described in Chapter 6. 


Mudcapping and Demolition 


The term “mudcapping” refers to the 
application of an explosive on the surface 
of a rock rather than in a drill hole. The 
explosive is usually partially confined in 
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commercial secondary blasting by use of 
mud, hence the term mudcapping. While 
mudcapping is a very inefficient way to 
apply explosives, it is sometimes justified in 
secondary blasting as the most economical 
means of reducing the rock not adequately 
fragmented in the primary blast to manage- 
able sizes at a minimum cost. (However, a 
fall-hammer method has largely replaced 
mudcapping in modern secondary-fragmen- 
tation operations.) One thereby avoids the 
cost of drilling holes into the rock, the sav- 
ings being effected by balancing the cost of 
an inefficient method of use of explosives or 
a fall hammer against the cost of drilling 
appropriate boreholes into the rock. It is not 
always true, however, that the greater 
saving is by mudcapping rather than to use 
the explosive in appropriate drill holes in 
all secondary blasting. Where mudcapping 
does have an economic advantage, it is 
important to obtain optimum efficiencies. 
Let us therefore consider briefly the factors 
involved in mudcapping at maximum 
efficiency. 

Mudcapping owes its success to the im- 
pulse action of explosives, this impulse ac- 
tion being associated largely with the 
detonation head, as discussed in Chapter 5. 
The impulse associated with the detonation 
head is proportional to the detonation 
pressure pz, and to the time of application 
of this pressure pz on a burden, or to the 
mass of the head times the average particle 
velocity W. Hence the geometry of the 
charge is of great importance in addition to 
its detonation pressure. In addition, the 
nature of the mudcap is important because, 
as shown in fundamental studies of impulse 
action by Clay, Cook, and Keyes, discussed 
in Chapter 5, it maintains pressure over a 
somewhat longer time to enhance impulse 
than without the mudcap. This effect can 
increase impulse rather considerably, de- 
pending on the amount of mudcap used. 
Moreover, by using mud between the charge 
and the burden, one obtains a continuous, 
high-density medium for optimum transfer 
of impulse. A mud medium is, for example, 
much more effective than an air space or a 
porous solid medium for shock transfer. A 
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great deal of the impulse of a mudcapping 
charge can, indeed, be lost if a poor shock- 
transmission couple exists between the 
explosive and the rock, i.e., if there exist 
air pockets which greatly reduce shock-wave 
transfer. 

There are simple rules of charge geometry 
that may be applied in mudcapping and 
other types of demolition to increase effi- 
ciency. (1) The charge should make the 
maximum possible area of contact with the 
rock consistent with the nature of the ex- 
plosive applied. (2) The medium (mud or 
other suitable medium) between the charge 
and the rock should be the minimum re- 
quired to make the contact continuous. 
(3) The cap should be placed in a position 
such that the directional effect of the explo- 
sive may be used to its maximum possible 
extent consistent with the maximum area- 
of-contact criterion. 

The selection of the best explosive for 
impulse-type shooting is a very important 
factor. The best mudcapping explosive is 
that developing the highest detonation 
pressure (e.g., 100 per cent blasting gelatin, 
or, better still, a military explosive such as 
Composition B, C, C-2, C-3, or C-4). Un- 
fortunately, cost is excessive with such an 
explosive. One must thus balance cost 
against detonation pressure. One observes 
from the equation p = pDW and the 
equation D = а + bp, that the density pı 
is of great importance in determining the 
detonation pressure рз. Thus, in terms of 
density and the approximation W = D/4 


pr = [раз + (2ab)pi + b%pi]/4 (11.18) 


Hence not only should the velocity con- 
stants a and b be as large as possible (i.e., 
the explosive should be as powerful as cost 
will justify) but density itself should be 
the maximum possible with the given 
explosive. It turns out that high-density 
explosives such as 40 per cent straight 
gelatin, because of relative high density 
and low cost, provide the most economical 
mudeapping explosives, despite their rela- 
tively low explosive potential. 
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Confined Blasting 


Several commercial applications of ex- 
plosives involve completely confined shots, 
e.g., oil- and gas-well shooting in sealed 
shot holes, and blast-hole “springing” to 
produce large enough shot holes to make 
possible the loading of a shot with sufficient 
powder to blast а given burden. 

In the early days of oil-well shooting, 
primarily only fluid tamping of the shot was 
used, and the success of а shot was gauged 
by the fluid surge and blow experienced at 
the surface. Careful study of the influence 
of confinement, especially by P. F. Lewis, 
who conducted pioneering research in oil- 
well shooting and contributed greatly to the 
present practices in this field, showed that 
the benefits of shooting oil wells as regards 
increased productivity are significantly 
increased by confinement. It is now generally 
agreed that best results are achieved when 
the shot is completely sealed into а well by 
& solid tamp that does not rupture under 
the influence of the blast. The use of an 
"umbrella bridge" immediately above the 
shot on top of which is poured a (controlled 
setting) concrete (e.g. ''Calseal") with 
which one cements the hole several hundred 
feet above the shot has been shown to 
produce most satisfactory results. Similar 
principles apply in gas-well shooting where 
one generally uses a rather heavy sand 
tamp to confine the charge. To render 
possible the application of completely con- 
fined oil- and gas-well blasting, several types 
of time bombs (e.g., “A.G.” time bomb and 
“Zero Hour" time bomb) have been devel- 
oped, allowing accurate control of the time 
of detonation of the sealed shot up to 120 
hr from the time of starting of the timing 
mechanism. 

The action of the explosive best suited 
for а particular type of confined blasting 
depends on the action desired. For instance, 
one desires in hole-springing practices a 
maximum-size shot hole. In oil- and gas-well 
shooting, on the other hand, evidence shows 
that the beneficial results do not depend on 
а large shot hole, but apparently more on 
the ability of the shot to create long-range 
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fracture and/or loosening of the oil- and 
gas-bearing strata. In fact, large shot holes 
in oil- and gas-well shooting have the dis- 
advantage of incurring increased cost of 
cleanout without any apparent advantage 
in increasing the rate of flow of oil or gas 
into the well. Excessive shot-hole breakage 
may, in fact, prove to be & serious matter. 
For instance, in gas-well shooting in fragile 
shale formations, excessive local breakage 
may incur excessive and costly caving of 
the open shot hole, which may result even- 
tually in the loss of the well. In fact, once 
the relatively thin glazed and impregnated 
layers of the drill-hole walls, made non- 
porous in the drilling process especially in 
rotary driling with circulating drilling 
fluids and muds, have been blasted off, there 
is apparently no advantage (but perhaps a 
disadvantage) in increasing the diameter of 
the shot hole appreciably above that of the 
original drill hole. There are other condi- 
tions in gas-well shooting where the forma- 
tion requires powerful shooting which can 
be achieved only with loads that can be 
attained by hole springing. For example, in 
shooting the Berea sands of gas wells, it has 
been amply demonstrated that production 
can be steadily increased by increased shot 
concentrations. One sometimes, therefore, 
employs successive, increased size shots in а 
given hole, using the increased volume of 
the sprung holes of previous shots to achieve 
the final powerful blast necessary to bring 
production to the desired level. 

From the above type of evidence, it is 
concluded that the benefits of oil- and 
gas-well shooting are twofold: (1) to remove 
the drilling scale and expose a well hole of 
normal permeability and (2) to loosen and 
fracture the formation at the maximum 
possible distance radially out from the drill 
hole. Here we consider briefly the explosive 
properties and blasting action needed to 
achieve optimum results in hole springing 
and in radial loosening and fracturing of 
the oil- and gas-bearing strata. 

Hole springing for maximum shot-hole 
volumes evidently depends on the total 
radial impulse generated by the explosive. 


BLASTING ACTION OF HIGH EXPLOSIVES 


Best results are achieved with p(t) curves 
of the type illustrated by the solid curve in 
Fig. 11.4, according to the principles of 
cratering discussed in Chapter 9. High 
loading densities of explosives with high 
bulk densities, high reaction rates achieved 
by the use of fine-grained ingredients, and 
high heats of explosion and explosion tem- 
peratures should thus be emphasized in hole 
springing. These factors must, however, 
always be balanced against cost. Fortunately 
the most important factor in this application 
is density, owing to the fact that pressure 
varies between the second and third power 
of the density. Thus a 40 per cent gelatin is 
generally well adapted for this purpose. One 
can, therefore, frequently obtain good 
hole-springing results by filling a hole com- 
pletely with an explosive of lower grade and 
reaction rate such as a fine-grained, high-AN 
type. Especially is this true in formations 
that fracture at relatively low pressures, the 
critical pressure then being generated in an 
explosive loaded at high density even when 
its rate of reaction is moderate, as in a 
semigelatin of high-AN content. In harder 
formations, however, such explosives are 
frequently inadequate, and a higher-density, 
more rapidly reacting explosive, or else a 
different blasting method, is required. 

The influence of pressure on shot-hole 
volumes is well illustrated in comparisons 
in oil-well shooting of results with 100 per 
cent gelatin (BG) and liquid NG, on the 
one hand, with high-AN explosives such as 
amatols and the calcium cyanamids explo- 
sives mentioned in Chapter 1, on the other. 
The former develops pressures which, taking 
into account relative reaction rate, may be 
more than twice the peak pressures gen- 
erated by the latter. The shot holes and 
consequent cleanout required in the case of 
BG and LNG are, in general, much greater 
than in the high-AN types of comparable 
load-per-unit hole depth. Comparable exam- 
ples exist in gas-well shooting. High-grade 
gelatins, e.g., 80 per cent gelatin, generally 
produce much larger shot holes and provoke 
more sluffing and caving than comparable 
loads of lower pressure types. 
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From the viewpoint of the two benefits of 
oil- and gas-well shooting listed above, it is 
recognized that relatively very small loads, 
such, e.g., as a l-in. loaded anchor, are 
usually adequate to remove the effects of 
drilling upon wall scale formations that seal 
off the oil- and gas-bearing strata toward 
flow of the fluid into the drill hole. If this 
were the only reason for oil- and gas-well 
shooting, there would be no need for the 
use of larger charges. Even so, it has fre- 
quently been found that such small shots 
produce significant benefits, showing the 
importance of removing scale on the walls of 
the drill hole. The fact, however, that pro- 
duction rates may be steadily increased by 
increasing the charge considerably above 
this small size shows that the second advan- 
tage of oil- and gas-well shooting is really 
the basic one for which gas and oil wells are 
shot, namely to loosen and fracture the 
strata at the maximum possible radial 
distance from the drill hole. The efficiency 
of the explosive in this main objective 
depends on the range of the blast wave 
within which its intensity is above the 
critical value to accomplish this basic 
purpose for loosening and fracturing the 
formation. 

Possibly all detonating explosives generate 
a blast wave of sufficient intensity to 
accomplish this purpose at close range. The 
real advantage of a particular explosive 
depends, therefore, on its ability to generate 
a sufficiently intense blast wave at long 
range. Consider two explosives A and B in 


which the total impulse [ pat generated is 


the same but in which the peak pressure р; 
in A is, say, 120 kiloatmospheres and that 
of B is, e.g, 60 kiloatmospheres. Now 
explosive À will cause much more fracturing 
and local pulverization and will generate a 
much larger shot hole than B. Hence, much 


less of the impulse J pdi will be available 


for the longer range loosening and fractur- 
ing than in B. That is, A overshoots the 
burden locally, and therefore dissipates its 
shock-wave impulse so that it is not as 
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effective at long range as it would be aside 
from this local attenuation of shock. Explo- 
sive B, on the other hand, uses a much 
smaller portion of its total impulse at short 
range, and is therefore capable of relatively 
better action at long range where conditions 
for loosening and fracturing are critical. 
Extensive study by the author of high- 
density, high-AN (B type) explosives in 
oil-well shooting have shown that, on the 
basis of effectiveness per unit strength, they 
produce, in general, better results than the 
100 per cent gelatin and LNG types in 
oil-well shooting. This does not mean that 
they always produce better total results; it 
is frequently possible to obtain loads two to 
three times greater with 100 per cent gelatin 
than with a high-density, high-AN type 
because the former may be loaded at very 
high density by use of dump-type torpedo 
shells to fill the drill hole completely. The 
latter type, however, because of its lack of 
water resistance, must be used in standard 
torpedo shells at a much lower over-all 
loading density. Under such circumstances 
evidence shows that the type A explosive 
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(e.g., 100 per cent gelatin) produces better 
results but at much greater cleanout expense 
and shot-hole size. On the otber hand, at 
comparable loading densities, i.e., when 
both A and B are used in conventional 
torpedo shells, type B has been found to be 
more efficient on an effectiveness/available- 
energy basis and to cause appreciably less 
cleanout and shot-hole size. 

In gas-well shooting high-AN explosives, 
e.g., amatols and “Detonite,” a King Pow- 
der Company explosive containing as a 
sensitizer a small percentage of aluminum, 
have been quite successful, especially in the 
case of the latter when dropped into the 
(dry) borehole to obtain a loading density 
of unity. ‘“Detonite,” for example, was 
found to be well adapted to shooting Berea 
sands in multiple, hole-springing operations. 
The situation appears quite comparable to 
that described above for oil-well shooting. 
The low-pressure explosive produces less 
cleanout but greater efficiency in increasing 
gas flow than the high-pressure explosives, 
e.g., 80 per cent gelatin, especially in the 
gas-bearing shale formations. 
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СНАРТЕК 12 


PRODUCTS OF DETONATION IN EXPLOSION AND 
DETONATION STATES 


A knowledge of, or the ability to deter- 
mine, the products of detonation is essential 
in all thermochemical and thermohydro- 
dynamic studies of detonation. Moreover, 
especially in commercial blasting, one needs 
to know from the practical viewpoint what 
poisonous gases and condensed products 
may be generated and in what proportions 
they may be found in the atmosphere fol- 
lowing a blast. The poisonous gases are re- 
ferred to in the explosives industry as fumes. 

Part of the problem in determining per- 
missibility for coal-mining explosives in- 
volves the measurement of the fumes and the 
classification of the explosive as regards 
fumes. Unfortunately, the experimental 
measurement of the actual composition of 
the detonation products in field application 
is not possible by present methods. The 
fumes one actually determines in, for in- 
stance, the Bichel gauge, the Crawshaw 
gauge, the Trauzl block, or the other meth- 
ods that have been designed to measure 
fumes, usually do not agree either among 
themselves or with the actual fumes gener- 
ated in field applications. The reason for 
this is simply that the products of detona- 
tion one measures in such instruments de- 
pend critically on the loading density, the 
mode of initiation, confinement, whether 
the gases expand adiabatically and reversi- 
bly, freely, or against light burdens, and 
even on the chemistry of the surrounding 
medium. The limitations of the various 
methods used to measure fumes have been 
clearly recognized for many years. For- 
tunately, experience in connection with 
fumes and their effects on personnel has 
usually been extensive enough so that re- 
sults from any one method may usually be 
used to make fairly reliable predictions re- 
garding the safety of explosives of various 
types as regards fumes. The U.S. Bureau of 


Mines classification of permissibles into 
class A, class B, and class C fume types 
(class C are now discontinued) is based on a 
closed-bomb method in which the gases ex- 
pand freely without doing work and then 
cool (relatively slowly) by heat transfer. In 
the Bureau of Mines method, the generation 
of less than 53 liters at S.T.P., or about 2 
mols of poisonous gases per 1.5 lb of explo- 
sive, corresponds to class A; 53 to 106 liters 
at S.T.P., or 2 to 4 mols per 1.5 lb, class В; 
and 106 to 150 liters at S.T.P., or 4 to 6 
mols per 1.5 lb, to class C. This means of 
classification is clearly restricted to the 
method used because few if any ordinary 
commercial explosives generate even as much 
as 2 mols total fumes per 1.5 lb, i.e., of 
such gases as CO, NO, NO;, CH, , NH;, 
etc., under actual field conditions. As a 
matter of fact, in the tables which fol- 
low, one will observe that even such 
explosives as NG, RDX, PETN, and 
even the very negatively oxygen-balanced 
TNT would, at high enough densities, be 
class A explosives as regards fumes if the 
same composition were to be found in the 
Bichel or similar fume gauges as in the det- 
onation or explosion states of these ex- 
plosives. But these explosives are certainly 
far from safe explosives from the fume stand- 
point. If one could measure the actual fumes 
under blasting conditions, the criteria for 
satisfactory fumes would thus have to be 
quite different (allowing much less poisonous 
gases) than in the present methods. This 
serves to illustrate the poor state of explo- 
sives technology as regards the experimental 
measurement of fumes. 

Beyling, and Drekopf! recognizing the un- 
derlying weaknesses of the various experi- 
mental methods for measuring fumes, car- 
ried out some important studies under 
actual field conditions. One of their impor- 
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tant discoveries was the observation of ap- 
preciable undetonated explosive or explosive 
ingredients in the products of detonation, as 
a matter of fact, in almost the same ratio as 
as in the original explosive. Haid and 
Schmidt“ 11. 8.2 measured fumes in the 
Trauzl block in order to provide conditions 
more nearly representative of field condi- 
tions. Many other studies have been car- 
ried out. However, little would be gained 
by an extensive summary of these studies 
because the fumes problem is best handled 
theoretically; at the present time the deter- 
mination of fumes and other products of 
detonation by purely thermohydrodynamic 
methods is evidently much more reliable 
than any of the fume-gauge methods, even 
such direct field methods as were used by 
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Beyling, or the nearly representation results 
of the Trauzl-block methods for products of 
detonation. 

In this chapter the general principles and 
methods outlined in previous chapters are 
applied in the discussion of products of det- 
onation and their influence on detonation 
and explosion properties of some of the more 
important types of explosives. 


Primary Explosives 


In Table 12.1 are presented the computed 
thermohydrodynamic properties of mercury 
fulminate, lead azide, nitromannite, NG, 
EGDN, PETN, RDX, and tetryl, at а par- 
ticular density. These explosives are given 
in Table 12.1 in probable order of their ease 
of transition from deflagration to detonation 


TABLE 12.1. DETONATION AND “EXPLOSION” PROPERTIES OF SOME PRIMARY AND NEAR 
Primary ExPLosivES UsiNG a(v) EQUATION oF STATE 


Mercury 
fulminate Lead azide Nitromannite 


NG EGDN PETN RDX Tetryl 
Detonation state 
Density (pı — g/cc) 3.6 4.0 1.7 1.6 1.48 1.6 1.6 1.6 
Log F 6.3 6.5 5.5 5.3 4.8 5.3 5.3 5.3 
CO (mols/kg) 0.4 0.1 0.6 0.6 
CO; 3.3 13.3 13.2 11.8 11.0 6.6 
Hi 0.01 0.02 0.02 
Но 8.8 11.0 12.0 7.3 3.1 
№: 3.5 10.3 5.8 9 6.5 6.0 13.0 
NH; 0.3 0.8 
NO 1.6 1.4 1.0 0.3 0.1 
О 1.5 0.4 0.3 0.05 0.003 
ОН 0.09 0.02 
CH,OH 0.3 0.7 2.7 
CH:0; 1.0 3.4 4.0 
Hg(g) 3.5 
Pb(g) 3.4 
С 3.3 
п (mols gas/kg) 10.7 13.7 34.0 31.9 33.1 30.1 31.0 35.51 
Q (kcal/g) 0.50 0.22 1.39 1.50 1.52 1.41 1.34 0.99 
€, (keal/kg/°K) 0.100 0.078 0.320 0.331 0.351 0.350 0.360 0.31 
T: CK-107?) 6.91 5.60 6.04 6.17 5.87 5.28 5.07 4.70 
p: (atm-107*) 22.0 25.0 30.0 25.0 21.0 22.0 23.0 20.0 
Explosion state 

Log F 6.0 6.0 4.0 3.4 3.4 3.4 3.4 
n (mols gas/kg) 10.7f 13.7t 34.0 32.01 34.11 37.71 32.31 
Q (kcal/g) 0.50 0.22 1.40 1.42 1.42 1.32 1.01 
С, (kcal/kg/?K) 0.100 0.076 0.310 0.315 0.316 0.310 0.299 
T; CK-107?) 5.37 3.17 4.82 4.78 4.77 4.53 3.65 
рз (atm: 1079) 12.0 9.0 14.0 12.0 12.0 12.0 9.0 


+ Products of detonation essentially the same as in the detonation state. 
1 Products of detonation different from detonation state (see Table V in Reference 10, Chapter 4.) 
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following ignition. The expected correlation 
with this property that makes for a primary 
explosive is between ease of the transition 
and the explosion and detonation tempera- 
tures. Mercury fulminate indeed has the 
highest explosion and detonation tempera- 
ture and is the explosive of Table 12.1 that 
is most easily brought to detonation. More- 
over all others of this comparison except 
lead azide line up with T; . At very low pres- 
sure which would result at very low density 
and/or in the early stages of the explosive 
deflagration stage, the products of mercury 
fulminate decomposition are CO, №, and 
Hg (gas). The heat of explosion Q is then 
only 365 kcal/kg, and the temperature Тз 
only about 3900°K. Even with this 27 per 
cent lower heat of explosion, the products of 
mercury fulminate are hotter than those of 
lead azide. While the decomposition reac- 
tion of mercury fulminate is quite sensitive 
to pressure in the range of explosion pres- 
sures, that of lead azide is practically pres- 
sure independent. This may be the factor 
responsible for the primary-explosive prop- 
erties of lead azide and for the consistent 
behavior of lead azide as a primary explosive. 
At very low pressures, i.e., in the very early 
stages of reaction, it is likely that the prod- 
ucts of detonation of lead azide are actually 
hotter than those of any of the other ex- 
plosives in Table 12.1 except mercury ful- 
minate at the same low pressure, owing to 
the influence of temperature on dissociation 
at low pressures. This would account for the 
position of lead azide as number 2 in Table 
12.1 in relative ease of formation of the det- 
onation wave following ignition. Nitro- 
mannite develops products of detonation 
which, because of excess oxygen, are quite 
insensitive to pressure differences if the pres- 
sure is very high, and this factor may be 
responsible for its excellent performance in 
detonators. The compositions of the products 
of detonation of NG and EGDN are more 
sensitive to pressure than that of nitroman- 
nite, but the heats of explosion are so high, 
even at considerable dissociation of the СО, 
and H:O, that these explosives are almost 
(if not actually) primary explosives. It is 
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thus not surprising that they are very sensi- 
tive and hazardous explosives. In explosives 
of increasingly negative oxygen balance, the 
sensitivity of the composition of the producta 
of detonation to density changes at first 
decreases depending, of course, on the tem- 
perature, and then owing to the formation of 
NH; , CH,, CH;, and other similar prod- 
ucts, the influence of density on product 
composition passes through а minimum. For 
Still more negative oxygen balance the com- 
position then becomes increasingly sensitive 
to density and pressure. 

It is concluded from these considerations 
of the primary-explosive characteristic that 
temperature and its well-recognized influence 
on reaction rate are the most important 
factors in determining whether or not an 
explosive will be а primary explosive. On the 
other hand, the effectiveness of the primary 
explosive as & detonator will most likely 
depend primarily on its detonation pressure 
рз. The great advantages of nitromannite 
and lead azide are clearly evident in this 
regard. However, one must realize the im- 
portance of density, p» varying with between 
the second and third power of the density. 


Influence of Density on the Composi- 
tion of the Products of Detonation 
in TNT 

As an example of the influence of loading 
density (or pressure) on the products of 
detonation in a critically density-dependent 
case, Table 12.2 lists the thermohydrody- 
namic properties of TNT as a function of 
density as computed by Dr. D. W. Robinson 
in the author's laboratory. These calcula- 
tions, while based on the a(v) equation of 
state, made use of the observed velocities 
rather than the general a(v) curve. Compari- 
sons between the a(v) data computed by 

Robinson and the master curve thus serve as 

a test of the validity of the a(v) curve. Thus 

in this case the iteration process was based 

on the selection of & particular value a and 

F in the inverse method. Data at o — 1.59 

and 1.65 were obtained from interpolations 

using smoothed curves, calculations actually 
extending above pı = 1.65 in order to permit 
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TABLE 12.2. DETONATION Properties оғ TNT as A FUNCTION or DENSITY 


pı (g/cc) 0.3 0.8 0.95 1.11 1.27 1.47 1.59 1.65 
Log F 0.33 2.12 2.69 3.31 3.98 4.8 5.0 5.2 
a (cc/g) 0.82 0.22 0.15 0.11 0.08 0.058 0.052 0.048 
CO (mols/kg) 24.3 16.2 12.1 8.5 4.5 1.8 1.0 0.6 
CO; 0.50 3.3 5.2 6.6 8.3 9.5 10.0 10.0 
H: 5.50 1.1 0.9 0.2 0.1 
Но 1.4 2.6 2.4 2.5 1.9 1.3 1.0 0.8 
N: 5.5 4.9 5.2 5.3 5.6 5.9 5.9 6.0 
СН. 1.4 1.4 1.0 0.5 0.3 0.1 
NH; 0.1 0.5 0.5 0.5 0.5 0.4 0.4 0.4 
CH,OH 0.8 1.6 2.5 3.4 4.3 4.5 4.7 
HCN 2.2 3.1 2.8 2.2 1.6 1.1 1.1 1.0 
С.Н: 0.5 0.4 0.3 0.2 0.1 
C 2.3 5.0 7.4 10.2 12.5 14.2 14.2 14.9 
п (mols gas/kg) 41.5 34.6 31.8 28.8 26.3 24.2 23.9 23.7 
Q (kcal/g) 0.62 0.79 0.87 0.98 1.07 1.13 1.16 1.17 
С, (kcal/kg/*K) 0.296 0.321 0.334 0.349 0.365 0.375 0.378 0.380 
T: (°К-10-3) 2.71 3.35 3.58 3.82 3.98 4.05 4.08 4.10 
рз (atm: 10-4) 0.8 4.4 6.1 8.4 11.1 14.1 16.0 17.5 
TABLE 12.28. COMPARISONS OF DETONATION-STATE Propucts or TNT 

(a) Including all species 

(b) Omitting CH;OH, C:H,OH, CH;0, CH:0:, CiH, , С.Н: 

(c) Jones and МШег.СЬ. 4. Ret. 35 

(d) Haid and Schmidt.C^. 11. Ret. з 

(a) (b)Ch.4, Ref.10 (ot (d) (a) (b)Ch.4, Ref.1e (c) (d) 
pı (g/cc) 1.0 1.0 1.0 1.0 1.59 1.59 1.59 1.59 
(оз = 1.43) | (ps = 1.33) 

CO (mols/kg) 12.1 16.3 5.7 17.0 1.2 1.7 0.5 9.39 

2 5.0 2.8 8.3 2.84 10.0 9.7 10.2 5.47 
H: 0.3 1.5 0.5 2.49 0.004 0.07 0.15 1.63 
но 3.5 4.5 4.1 3.7 0.66 3.1 5.2 6.09 
№: 5.7 4.6 6.6 4.75 6.3 4.4 6.6 ? 
NH; 0.3 0.7 2.85 0.1 3.4 1.5 
HCN 1.6 3.2 0.47 0.5 1.0 0.32 
CH, 0.3 2.3 3.2 0.1 1.1 3.0 0.42 
СН.ОН 0.3 2.0 
C:H,OH 1.6 
CH:0 0.3 0.1 
CH0: 0.5 
С.Н. 0.8 0.1 
С.Н, 0.8 
C 8.0 5.9 13.6 10.0 13.0 16.3 17.3 14.6 
п (mols/kg) 31.0 35.9 28.4 23.0 24.5 
T: (K-107?) 3.65 3.34 3.8 4.1 4.15 


t From curves of data at density given. 


interpolations (instead of extrapolations) to 
practical densities. These compilations, 
since they preceded the work of Filler, 
failed to take into account C;H;OH, СзН, , 
С:Н,, and similar gases. It is thus of in- 
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terest to examine the changes one obtains by 
taking into consideration these gases. Table 
12.2a shows a comparison of compositions at 
two densities o = 1.0 and 1.59 including 
computed data by Jones and Miller“. * 
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Ref. 25 and experimental data by Haid and 
Schmidt.“+- 11, Ret.2 The differences аге too 
small to make any appreciable difference in 
computed detonation properties, but such 
variations could be important in computa- 
tions of explosion properties. However, in 
the computation of explosion properties, the 
composition will generally differ considera- 
bly from that in the corresponding detona- 
tion state in a case such as TNT. This is 
considered below in the discussion of the ex- 
plosion properties of this explosive. 

Noteworthy are the large variations in n, 
Q, and the composition of the products of 
detonation of TNT with density. This em- 
phasizes the important fact that one should 
always designate the density in describing 
the properties of any explosive. High-density 
TNT is an explosive quite different from 
low-density TNT, and this remark also ap- 
plies to most other explosives, although not 
to the same extent as for TNT. The examples 
of chemical explosives such as lead azide, 
and low-temperature, oxygen-balanced dy- 
namites with n, Q, and product composition 
which do not vary appreciably with density 
are considerably fewer than those which do. 
Incidentally, the absence of such products as 
CH;0H, C;H,0H, CH,0; ‚ ete., in the prod- 
ucts one would collect in a bomb or Trauzl 
block is no criterion that they do not exist 
in the explosion or detonation state. 


Influence of Detonation-Velocity Er- 
rors and Equation of State on Com- 
puted Product Compositions 


Cook, Keyes, Horsley, and ЕШегС": 4. Ret. 9 
carried out detailed, thermodynamically 
rigorous studies for EDNA in an effort to 
determine what variables were most sensi- 
tive to differences in the equation of state 
and errors in detonation velocity. They also 
used the inverse method; i.e., the experimen- 
tal detonation velocities were included in 
carrying out the solution rather than the 
a(v) curve. At the time of this study, how- 
ever, not all of the products of detonation 
listed in Appendix II had been recognized. 
They used the equation of state 
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ру = nRTe; т = f(v)T-/v (12.1) 


where n = n(v, T) and с = constant, select- 
ing different values of c to bring out differ- 
ences in the equation of state. From the 
hydrodynamic theory using the conservation 
laws one has: 
Dt = vi(pe — p)/(vi — v) 
E: — E, = ¥(p2 + р!) (и! — vi) 
И? = (v - v(p: — р) 
and the C-J condition 
(ра — р1)/ (0 — vi) = — (dps/dvz)s 


Using the definition 6 = v,/(v; — v2) and the 
fact that pe >> pı in condensed explosives, 
the velocity equation becomes 

D* = pwid/vs 
Then introducing the equation of state, 
Equation (12.1), and realizing that (01/0)? = 
(1 + 0)?/020ne obtains 


D? = nRTie*(1 + 0)?/0 


Also from — D? = vi(dp;/dw;)s it is evident 
that 


(12.2) 


0 = —wn(dpi/dvs)s/ps 


Differentiating the equation of state holding 
the entropy constant, one obtains 


dp: de 
— (25) — (©), 
+ nRe ats + RT 4 
dv; 8 dv: 8 


Hence 


—v: [ dps 
0 = — | — 
P: (27 
Us de: НЯ dT; ve dn 
м E (E) * Т: (z ) F n (*), | 


The term (v2/e") (de'/dv;)s can be evaluated 
from the definition of т as follows: 


de _ (42 
dv: 8 dv, 8 
$ (а Ti^ [ат 
e [ (2X Лт: me am 
о Ndv]g v2 dv: Js 


thus 
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Е. Y cag el 
e \dv: Js — dvs 8 Т. Ms Js 


The term (dT;/dv;)s can be evaluated as 
follows: For a constant entropy process the 
first and second laws of thermodynamics give 


dE 
C. dT = — (5), +} = — (р; p) dv 
thus 
ЧТ: omn 
(2) с, (E * ) 


But from thermodynamics 


dp 
r(2) - р; + Р 


Again using the equation of state, one ob- 
tains 


dp _ nRe | "ЕТ, se) + ЁТ: 2) 
ат,/, v: v; \dT: Vi аТ:/, 
£ nRe P^ спЁхе* E ЕТ= ( dn 
v2 U: v: dT3/, 
Hence 
p: Т, [йр Т. f dn 
ый ШЕРНЕ а $ ий 
p m (2) — n (=. , 


Hence опе obtains, by appropriate substitu- 
tions of the above equations 








ont ae en 


| 1+ 2+ — E | 
dT: 
ROMEO 
/ \ао Ја dvs/5 
The total heat capacity is obtained from the 
following thermodynamic equation: 


А 
С. = С + т, f (2) йо; (T2, n constant) 
eo аТз т 


Using the equation of state, 


dp nRT: 
dT: т Us 


and - 


nRe dz 
(22) -arera (z =). 


nR cz 
— paced 
та ( + + cz) g 


(12.3) 


— 4 nRe nRet (сх 
ат,/, V: v2 i 





+1) 
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Realizing here that T; is constant dvz/v: = 
df/f — dz/z, and therefore 


f(v) df 
С, = C + н] ze(1 + с + cz) — 
У (во) J 


-f ze(l + c + cz) s (T:, n constant) 
The last integral can be evaluated explicitly, 
leaving finally 


С, = Cs — спВе(1 + cz) — 1] 


700) 


+ cnR хе(1 + с + cz) Es (12.4) 


fio) 
(T2, n constant) 


The average heat capacity is obtained from 
the thermodynamic equation 


С. = б; + 





v: 
Т, – Tı [ р: а; (Тг, п constant) 


which then becomes 
С, = С; + 


v2 
Reo. рэ і; (Т, п constant) 


Using the equation of state to eliminate pz 
and the relation 4/ = df/f — dz/z at 
Т, = constant, one then obtains 


ae Br (= 
/ 


(0) 


z 
— E тег =) > (Ts, constant) 
С z 


The integral involving z can again be 
evaluated, leaving 


С, = C+ 





С, = Č- 





(12.5) 

спЕТ, fo — df 

T: “М. Ti fio) f 
One also obtains from the second of the two 
equations for D and W the relation 
W? = nRT:;e:/8 (12.6) 


The detonation temperature is derived from 
the fundamental equation 


T: 
C, dT = С.Т. — T) 


т: 


О + Е, — 


Е, = 
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Using the Hugoniot energy equation, 
neglecting pı with respect to p, and intro- 
ducing the equation of state to eliminate рз 
together with the definition of 6, this equa- 
tion becomes 


Q + nRTe*/20 = C,(T: — Т,) 


Т, = (Q + С.Т) / (c. - =) (12.7) 


The relation for the fugacity factor F (see 
Appendix II) is 


P= Sex |" e-n 
0: 


апа 


- Ta ; (T = constant) 
2 


where 
" dp: 
J Í (e — 1) » 


J may be evaluated by means of the equa- 
tion of state as follows: At constant T3 
dps/ps = dn/n + de*/e* — dos/vi 
Using the relation du/v, = df/f — dz/z at 
T: = constant, J may be expressed 
n(v) z 
J- f ет + f e-Da 


n(o) 


+ [= e-1 las 
S (v) df 
- (е – 1) – (T: = constant) 
1 (о) 1’ 


The second term in J can be integrated 
directly, and the third term can be expanded 
in an infinite series and integrated term by 
term, giving 


геа а ‘| 


709) (0) 
-Í є-04+ f (e-)9 
S(o) f n(o) " 
This gives finally 
2 
Р = ri + 
zi Г. df 
— eee | = (е —1) — 
4-41 ] Tw) f (128) 


® (e) 
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Equations 12.2 to 12.8 may be solved 
simultaneously along with the necessary 
composition equations of Appendix II by 
successive approximations, making use of 
composition-log F isotherms of the type il- 
lustrated in Figure 12.1. Figures 12.1 to 
12.4 give the various isotherms needed to 
carry out the iterations most conveniently 
for EDNA. The method is as follows: 

Plot composition, п, Q, C;, and C; each 
against log F at constant temperature, mak- 
ing a series of graphs over the temperature 
range required. (This may best be done 
rapidly and efficiently by means of IBM or 
similar equipment to carry out the iterative 
calculations.) These plots may then be used 
in the thermohydrodynamic solution, in- 
terpolating to the values of F and T that 
occur under detonation conditions. Inciden- 
tally, that one must treat n as a function of 
v, is quite evident from the information in 
Figure 12.2, although it appears that the 
variation of n with T, may safely be neg- 
lected. 

In the first approximation, one may neg- 
lect df/dv and the integrals in Equations 
(12.4), (12.5), and (12.8), and ignore the 
variation of n with F shown in Figure 12. 
It is convenient to solve the equations for 
various values of z, noting that the term in 
the exponential] of Equation (12.8) is then 
completely determined (see Table 12.3). The 
next approximation can now make use of 
these first approximation plots of f(v) versus 
v; and n(v) versus v: , allowing one to deter- 
mine as & next approximation the integrals 
and df/dv; neglected in the first approxima- 
tion. This process is then repeated as often 
as necessary for complete stabilization of the 
approximation variables. А solution in which 
one takes into account the factor (dn/dT3), 
in 0 is actually nontractable. However, this 
is evidently not serious since one may show 
that the term involving this factor, at least 
in the case of EDNA, is negligible, e.g., at 
F = 10* and 3500°K, (T;/n) (dn/dTs), ів 
about 0.05, which is its maximum value. If 
(dn/dT:), were not negligible, one could not, 
of course, drop the subscript S in the factor 
(ал /ат,) в . In this study, however, (dn/dT4), 


290 


THE SCIENCE OF HIGH EXPLOSIVES 





CONCENTRATION VERSUS FUGACITY ISOTHERMS 
FOR ЕОМА 


Figure 12.1. Concentration versus fugacity factor F isotherms for EDNA. 


was taken as zero, and (dn/dv;) was evalu- 
ated from successive plots of п versus v». 
In one set of calculations not only (dn/dT:), 
but also (dn/dv;)s were neglected, as has 
been done in all previous theoretical treat- 
ments; i.e., in all previous work n has been 
taken to be constant. The influence of treat- 
ing n as a constant as compared with the 
assumption п = m(v) is illustrated in the 
calculated results. 

The integrals in Equations (12.4), (12.5), 
and (12.8) should be evaluated at constant 
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temperature. Actually, they were computed 
at the calculated detonation temperature. 
The error so introduced is small for the equa- 
tion of state using с = — 0.25, since then 
the detonation temperature is almost con- 
stant. In the case of the equation of state 
determined by c = 0, since the integrals in 
Equations (12.4) and (12.5) are multiplied 
by c, which is zero, the only error is in 
Equation (12.8). In the case of the equation 
of state determined by c = +0.1, there will 
be errors in all three Equations (12.4), 
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TOTAL MOLES OF GAS PER KILOGRAM VERSUS FUGACITY ISOTHERMS 
Figure 12.2. Total mols of gas (n) versus F isotherms for EDNA. 





Los F 
MEAT OF EXPLOSION VERSUS PUSACITY BOTWERMS 
Figure 12.3. Q versus F isotherms for EDNA. 


(12.5), and (12.8). One of the advantages of 
the type of equation of state, Equation 
(12.1), is that the major part of Equations 
(12.4), (12.5), and (12.8) are given in analyti- 
cal form. The analytical parts are more im- 
portant than the parts given by the integral, 
and the effects of errors in the integrals are 
thus reduced. 

Calculations were first carried through 
with the three equations of state defined by 
equation 12.1 and с = — 0.25, 0, and 0.1 for 
the two sets of velocity data shown. In these 
calculations the п = n(v) approximation 
was employed. To show the influence of this 
more refined treatment, calculations were 
also carried through for the equation of 


Google 


state ру = пВТе "^, treating n as a con- 
stant. Then, to show the influence of meas- 
ured velocities on these calculations, results 
were repeated with two of the equations of 
state (c = 0.25 and 0) and the one set of 
velocity data for EDNA. Actually, the two 
sets of velocity data used for EDNA are in 
good agreement at high densities but differ 
considerably at low densities. It is possible 
to obtain excessive velocities at low densities 
in explosives of very high chemical-reaction 
rate and coarse granulation; the detonation 
wave can conceivably propagate independ- 
ently in the individual grains such that the 
effective density is not the average over-all 
density but somewhere between this density 
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Figure 12.4a. 
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Figure 12.45. 


Figure 12.4. (a) C, and (b) C, 


and the individual grain density. This condi- 
tion is responsible, it is believed, for the 
excessive detonation velocities one may ob- 
tain with & coarse-grained RDX where 
velocities about 300 m/sec too high may be 
observed at an apparent density of about 
1.0 g/cc. Evidently it has not been possible 
to reproduce velocities at low density with 
much better accuracy than is indicated by 
the differences between the two velocity 
equations used here. It therefore seemed 
desirable to determine the relative impor- 
tance of the form of the equation of state on 
the one hand and differences of velocity in 
the range of such experimental error on the 
other. The results of these calculations are 
given in Tables 12.4 to 12.9, which include 
all of the thermodynamic and composition 
data obtained in the converged iteration in 
each set of calculations. 

'The results of these studies show that the 
equation of state actually influences ap- 
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versus F isotherms for EDNA. 


preciably all the calculated thermodynamic 
quantities in addition to temperature, the 
influence on temperature being, however, 
greatest. For instance, using с = —0.25 in 
z leads to 15 to 20 per cent higher pressures 
than c = +0.1 and 10 to 15 per cent higher 
pressures than c = 0 in the range of operat- 
ing densities. However, except for tempera- 
ture, the form of the equation of state is 
seen to have less influence than changing 
from the one set of velocity data to the 
other. For example, using one particular 
equation of state but the different velocities, 
one calculates pressures differing by as much 
as 30 per cent (at the density of maximum 
difference). The calculated temperature is 
enough more sensitive to the form of the 
equation of state than to experimental errors 
in velocity that it could readily be used to 
ascertain the correct equation of state if it 
could be measured (see Figure 12.5). Un- 
fortunately, this has not yet been possible 
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as far as the detonation temperature T is 
concerned. 

It was concluded from this study that 
fundamental theoretical-experimental evalu- 
ations of the equation of state applicable in 
detonations must await (1) reliable and 
accurate measurements of temperature 
and/or (2) the developments of techniques 
which will allow one to determine detonation 
velocities versus density parameters not 
only at high densities but also at low densi- 
ties with an experimental error of 0.5 per 
cent or less, together with experimental 
techniques for the measurement of pressure, 
composition, density, and/or particle ve- 
locity with suitable precision. For instance, 
if it were possible to measure detonation 
pressures within 2 per cent and velocities 
within 0.5 per cent, one could distinguish 
satisfactorily between the three equations 
used here. 

Available techniques for velocity deter- 
minations are already adequate, the limita- 
tion being wholly in obtaining reproducible 
densities at low density, and in regulating 
particle size such as to avoid the influence of 
the heterogeneous distributions of density 
within the charge. So far, no experimental 
methods are available for measurement of 
any of the quantities listed in Tables 12.4 
to 12.9 with accuracy sufficient to allow one 
to distinguish between the various equations 
of state even if velocities and densities could 
be measured with sufficient accuracy. How- 
ever, this task does not appear hopeless. For 
instance, one might develop an X-ray tech- 
nique capable of measuring densities in the 
original explosive (ру) and at the C-J plane 
(рз), or the ratio ру/рз, with sufficient ac- 
curacy to accomplish this purpose. This 
would require velocity measurements of 
greater accuracy than }4 per cent, and 
р1/рз ratios within about 1 per cent. Un- 
fortunately, such precision measurements are 
difficult in explosives technology. 

Another conclusion of this study was that 
any convenient equation of state is suitable 
for calculating thermodynamic and compo- 
sition data (except temperature) in detona- 
tion within the limits of objective study with 
present techniques. Hence one should adopt 
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TABLE 123. TABLE ОР 


а 
п.п! 


e 

e-1i+ 2 

aml 

The second column lists that part of the expo- 

nent in Equation (12.8) which depends explicitly 

on т; note that the exponent т in the factor е” 

has been included. Log 1o F is conveniently calcu- 
lated using the entries in the third column: 


Logio F = M(z + J — У) + MY — logiots ; 


М = logie 
and 
70») n(v) 
y~-f е-09+ | — 
/(ю) 7 Jaw n 

z +J- | “EHI | „ +J- Moy? 
0.05| 0.10190 | 0.04426 |1.55| 6.14796 2.67003 
0.10] 0.20773 | 0.09022 |1.60] 6.51113) 2.82775 
0.15) 0.31765 | 0.13796 |1.65| 6.89057| 2.99254 
0.20] 0.43186 | 0.18756 |1.70| 7.28708| 3.16474 
0.25) 0.55057 | 0.23911 |1.75| 7.70143| 3.34469 
0.30] 0.67395 | 0.29269 |1.80| 8.13451| 3.53277 
0.35| 0.80224 | 0.34841 |1.85| 8.58724| 3.72939 
0.40] 0.93566 | 0.40635 |1.90] 9.06054| 3.93495 
0.45] 1.07446 | 0.46663 |1.95| 9.55542] 4.14987 
0.50] 1.21887 | 0.52935 |2.00| 10.07204| 4.37462 
0.55| 1.36916 | 0.59462 |2.05| 10.61415| 4.00907 
0.60] 1.52561 | 0.66256 |2.10| 11.18026| 4.85552 
0.65| 1.68849 | 0.73330 |2.15| 11.77242] 5.11270 
0.70] 1.85812 | 0.80697 |2.20] 12.39194| 5.38175 
0.75] 2.03480 | 0.88370 |2.25) 13.04017| 5.66327 
0.80] 2.21887 | 0.96364 |2.30| 13.71844| 5.95784 
0.85| 2.41067 | 1.04694 |2.35| 14.42825| 6.26611 
0.90] 2.61056 | 1.13375 [2.40] 15.17110| 6.58875 
0.95) 2.81893 | 1.22425 |2.45| 15.94875| 6.92645 
1.00] 3.03618 | 1.31860 |2.50| 16.76277| 7.27998 
1.05} 3.26273 | 1.41699 |2.55| 17.61490| 7.65006 
1.10] 3.49903 | 1.51961 /|2.60| 18.50713| 8.03754 
1.15| 3.74550 | 1.62665 |2.65| 19.44132| 8.44326 
1.20) 4.00268 | 1.73834 |2.70| 20.41962| 8.86813 
1.25] 4.27103 | 1.85489 |2.75| 21.44412| 9.31306 
1.30| 4.55112 | 1.97652 |2.80] 22.51711| 9.77906 
1.35] 4.84348 | 2.10349 |2.85| 23.64098| 10.26715 
1.40] 5.14872 | 2.23606 |2.90| 24.81826| 10.77843 
1.45| 5.46744 | 2.37448 |2.95| 26.05151| 11.31403 
1.50| 5.80030 | 2.51094 |3.00| 27.34355| 11.87515 


for such purposes the most convenient (yet 
reasonable) equation of state available. 
Therefore, even if no other arguments were 
available, these considerations would justify 
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TABLE 124. Data Сомротер ғов EDNA Овімо с = —0.25¢ лмо D = 5,650 + 3,860 (р, — 1.0) 





z 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 |2.6 
Log F 0.251| 0.600] 0.987| 0.141] 1.882, 2.399] 2.998| 3.718) 4.643| 5.94 | 7.553 
pı (g/cc) 0.412} 0.514| 0.618) 0.722| 0.824| 0.931| 1.035 1.144| 1.274) 1.410) 1.553 
CO/CO: 7.1 6.9 6.1 4.8 3.2 1.7 0.8 0.3 0.1 0.01 

CO (mols/kg) 11.6 | 11.6 | 11.3 | 10.5 9.0 6.9 4.4 2.1 0.6 0.09 

CO; 1.6 1.6 1.8 2.1 2.8 3.8 5.2 6.4 7.2 7.6 | 7.7 
H: 8.0 7.6 6.9 5.5 3.3 1.7 0.7 0.2 0.1 

Но 11.7 | 11.6 | 11.6 | 11.5 | 11.2 | 10.3 8.8 7.3 6.1 5.6 | 5.5 
N: 13.2 | 13.1 | 13.0 | 12.8 |12.5 |12.3 |12.2 | 12.3 | 12.3 | 12.2 112.2 
CH, 0.1 0. 0.7 0.8 0.7 0.4 0.2 

МН; 0.1 0.3 0.6 1.1 1.5 1.9 2.0 2.0 2.0 2.0 | 2.0 
CH,OH 0.1 0.2 0.7 1.6 2.9 4.2 5.1 5.5 | 5.6 
v: (cc/g) 1.674] 1.366] 1.115] 0.992) 0.871 0.778) 0.705) 0.640) 0.584) 0.530) 0.474 
n (mols/kg) 46.5 | 46.2 | 45.5 | 44.2 | 42.0 | 39.6 | 37.2 | 35.2 | 33.8 | 33.4 133.3 
Q (kcal/g) 0.98 | 0.99 | 1.00 | 1.01 | 1.01 | 1.11 | 1.15 | 1.18 | 1.19] 1.20 | 1.21 
C, (keal/kg/°K) 0.347| 0.354| 0.365| 0.380] 0.398 0.419| 0.443: 0.469 0.498 0.541 0.599 
f(v) 7.712) 8.392) 8.831| 9.150| 9.398| 9.600} 9.773| 9.836] 9.786| 9.587| 9.286 
W (mm/usec) 1.04 | 1.12 | 1.20 | 1.29] 1.40] 1.48 | 1.56 | 1.66 | 1.71} 1.82 | 1.99 
рз (atm- 10-74) 1.4 2.1 3.0 4.2 5.6 7.3 9.2 | 11.6 | 14.5 | 18.4 23.7 
Т, (°К.10-*) 3.48 | 3.48 | 3.48 | 3.49 | 3.53 | 3.54 | 3.52 | 3.49 | 3.37 | 3.33 | 3.09 


f In equation of state ро = n(v)RTe*; т = f(v)T "jv. 

NOTE: The values of n (number of moles/kg) given in Tables 12.4 to 12.9 are, in general, not exactly 
the same as one would obtain by adding up the concentrations given in these tables. The reason for this 
is that they were obtained from composition—log F plots. The same situation applies to Q, C; , and 

s 


TaBLE 12.5. Data CoMPuTED ror EDNA UsiNc c = —0.25 AND D = 5,960 + 3,275 (pı — 1.0) 


z 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.3 2.4 2.5 |2.6 
Log F 0.898| 1.415] 1.948) 2.523, 3.183) 4.002, 5.065) 5.732) 6.482, 7.221 8.195 
ра (g/cc) 0.420] 0.531 0.638| 0.752 0.859| 0.980| 1.119} 1.190) 1.219] 1.347| 1.420 
СО/СО, 6.5 4.8 2.9 1.5 0.64 | 0.21 | 0.04 | 0.01 
CO (mols/kg) 11.4 | 10.5 8.7 6.3 3.6 1.5 0.3 0.1 
CO; 1.7 2.1 2.9 4.1 5.6 7.0 7.5 7.6 7.8 7.8 | 7.9 
H: 7.1 5.5 3.1 1.4 0.5 0.1 
н.о 11.6 |11.5 | 11.2 | 10.0 8.4 6.8 5.9 7 5.5 5.4 |5.4 
N: 13.0 | 12.7 | 12.4 | 12.3 |12.3 | 12.2 | 12.2 | 12.2 |122 | 12.2 12.2 
CH, 0.1 0.4 0.7 0.8 0.7 0.4 0.1 
NH; 0.5 1.1 1.6 1.9 2.0 : 2.0 2.0 2.0 2.0 2.0 | 2.0 
CH,OH 0.05 | 0.02 | 0.8 1.8 3.2 | 4.5 5.3 5.5 5.5 5.5 |5.5 
v: (cc/g) 1.596; 1.279] 1.072] 0.726 Med 0.724] 0.646; 0.608) 0.573| 0.540 0.513 
п (mols/kg) 45.8 | 44.2 |41.7 | 39.1 | 36.6 | 34.7 | 33.4 | 33.3 | 33.3 | 33.3 33.3 
Q (kcal/g) 0.99 | 1.02 | 1.07 | 1.12 | 1.16 | 1.19 | 1.19 | 1.20 | 1.21 | 1.21 | 1.21 
С, (kcal/kg/*K) 0.371 0.391] 0.414) 0.440] 0.467| 0.498) 0.534| 0.559} 0.508| 0.619| 0.654 
f) 12.29 | 11.80 | 11.55 | 11.38 | 11.20 | 11.02 | 10.69 | 10.45 | 10.20 | 9.95 | 9.74 
W (mm/usec) 1.34 | 1.42 | 1.51 | 1.56 | 1.66, 1.71 | 1.76 | 1.82 | 1.86 | 1.93 | 1.99 
p: (atm-107*) 2.2 3.2 4.5 5.9 7.7 9.7 | 12.3 | 14.0 | 16.0 |18.2 20.4 
3.52 | 3.49 | 3.50 | 3.48 | 3.45 | 3.30 | 3.20 | 3.11 | 3.04 | 2.95 | 2.85 


T: (°К.10-) : i ; ; ў А 


completely the use of the equation of state 
pv = nRT + a(v)p, or the equivalent equa- 
tion ро = nRT". This is an important 
consideration in any fundamental study of 


Google 


explosives, because one frequently needs to 
know the thermodynamic quantities under 
various specific conditions, e.g., in studies of 
reaction kinetics in detonation. 
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TABLE 12.6. DATA Сомротер гов EDNA Овна с = 0 AND D = 5,650 + 3,860 (р, — 1.0) 





z 0.6 0.8 1.0 1.2 
Log F +.260] 0.623] 1.029| 1.481 
pı (g/cc) 0.425] 0.538] 0.662) 0.795 
CO/CO: 7.2 | 7.1 | 6.4 | 4.9 
CO (mols/kg) 11.6 | 11.6 | 11.3 | 10.5 
CO; 1.6 1.6 1.7 2.1 
H: 8.0 7.6 6.0 5.3 
HO 11.7 11.7 11.6 11.5 
М, 13.2 13.1 13.0 | 12.7 
СН. 0.1 0.3 
NH; 0.1 0.3 0.6 1.1 
CH;OH 0.1 0.3 
Vs (cc/g) 1.636] 1.319] 1.092 0.924 
п (mols/kg) 46.5 | 46.2 | 45.5 | 44.1 
Q (kcal/g) 0.98 | 0.99 | 1.00] 1.02 
С, (keal/kg/°K) 0.340| 0.341| 0.344| 0.349 
fl) 0.981] 1.055) 1.092] 1.109 
W (mm/ysec) 1.04 | 1.12 | 1.20 | 1.28 
рз (atm: 10-4) 1.50 | 2.31 3.42 | 4.89 
T: (K-107?) 3.54 | 3.60 | 3.66 | 3.76 
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TABLE 12.7. DATA CouPuTED гов EDNA UsiNa с = 0 AND D = 5,960 + 3,275 (pı — 1.0) 


z 0.8 1.0 1.2 1.4 
Log F 0.462] 1.033] 1.648 2.333 
pı (g/cc) 0.335] 0.479! 0.620] 0.750 
CO/CO: 7.3 6.5 4.4 2.1 
CO (mols/kg) 11.7 | 11.4 | 10.1 7.0 
СО: 1.5 1.7 2.2 3.4 
H: 7.8 6.9 4.6 2.0 
Но 11.7 11.6 | 11.4 | 10.5 
N: 13.2 | 13.0 | 12.6 | 12.3 
CH, 0.1 0.4 0.6 
NH; 0.2 0.6 1.3 1.9 
CH;O0H 0.1 0.4 1.6 
vs (cc/g) 1.994| 1.439| 1.138! 0.957 
n (mols/kg) 46.4 | 45.6 | 43.4 | 40.2 
Q (kcal/g) 0.98 | 0.99 | 1.03 | 1.08 
С, (kcal/kg/^K) | 0.342) 0.345] 0.352] 0.304 
fv) 1.505] 1.439] 1.366] 1.341 
W (mm/ysec) 1.25 | 1.32 | 1.39 | 1.45 
рз (8tm-107*) 1.57 | 2.66 | 4.01 | 5.52 
T: CK-107?) 3.69 | 3.75 | 3.85 | 3.95 
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Influence of Assumed CH;OH and CH:0: 
Formation on Detonation Prop- 
erties of RDX and PETN 


Filler et al. carried out a survey of possible 
detonation products for C-H-N-O explo- 
sives,^PP. 11, Ref. 4 using a compilation of 
data by the National Bureau of Stand- 
агів.Арр. 11, Ref- з They concluded that be- 


Google 


sides CH;OH, which had been suggested 
previously ,4>?- 11. Ref. 6 the only other com- 
pound meriting consideration in C(s)-free, 
C-H-N-O explosives is formic acid СН:0, . 
Subsequent computations considering both 
CH;OH and СН,0, in 50/50 amatol by May- 
field“. 3. Ret. з indicated that both of these 
products may be important. Moreover, Filler 
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TABLE 12.8. Data CouPuTED ғов EDNA UsiNG с = 0, n = CONSTANT, AND 
D = 5,650 + 3,860 (p, — 1.0) 





z 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.1 2.2 |2.3 

Log F 0.246] 0.616] 1.086) 1.513) 2.062) 2.677) 3.410] 4.324) 4.850) 5.506] 6.254 

pı (g/cc) 0.425] 0.540] 0.670] 0.807| 0.951 1.099] 1.253] 1.389) 1.481 1.568 1.710 

CO/CO; 7.2 7.1 6.3 4.7 2.8 1.4 0.57 | 0.17 | 0.08 | 0.03 | 0.1 

CO (mols/kg) 11.6 | 11.6 | 11.3 | 10.4 8.5 6.0 3.2 1.1 0.6 0.2 | 0.1 

CO; 1.6 1.6 1.7 2.1 3.0 4.2 5.7 6.9 7.2 7.4 | 7.5 

Hi 8.0 7.6 6.9 5.2 2.8 1.2 0.4 0.1 

но 11.7 | 11.7 | 11.6 | 11.5 | 11.0 9.7 7.9 6.5 л 5.9 | 5.8 

№. 13.2 | 13.1 | 13.0 | 12.7 | 12.4 | 12.2 | 12.3 | 12.3 | 12.3 | 12.4 [12.4 

CH, 0.1 0.1 0.3 0.6 0.6 0.4 0.1 

NH; 0.1 0.3 0.6 1.2 1.7 2.0 2.0 1.9 1.8 1.8 | 1.7 

CH,OH 0.1 0.3 1.0 2.3 3.8 5.1 5.4 5.6 | 5.7 

ts (cc/g) 1.64 | 1.319] 1.093, 0.929| 0.809| 0.715| 0.637 0.570] 0.534| 0.498| 0.459 

п (mols/kg) 46.4 | 46.2 | 45.5 | 43.9 | 41.3 | 38.6 | 36.0 | 34.2 | 33.7 | 33.4 33.4 

Q (kcal/g) 0.98 | 0.98 | 1.00 | 1.02 | 1.07 | 1.11 | 1.16] 1.18 | 1.18 | 1.19 | 1.20 

С, (kcal/kg/^K) 0.340] 0.341] 0.343| 0.349] 0.358] 0.368] 0.378| 0.387| 0.390) 0.393| 0.396 

f) 0.983} 1.055] 1.003} 1.115) 1.133| 1.144) 1.417| 1.140) 1.121| 1.096, 1.056 

W (mm/ysec) 1.04 | 1.11 | 1.17 | 1.23 | 1.26] 1.29 | 1.34 | 1.49 | 1.57 | 1.72 | 1.81 

рз (atm-107*) 1.50 | 2.30 | 3.39 | 4.80 | 6.47 | 8.47 | 11.0 | 14.6 | 17.2 | 20.9 [25.6 

Ts (°К-10-) 3.54 | 3.59 | 3.64 | 3.72 | 3.79 | 3.85 | 3.90 | 4.01 | 4.06 | 4.19 | 4.30 
TABLE 12.9. Data CoMPUTED UsiNG с = 0.1 AND D = 5,650 + 3,860 (p; — 1.0) 

z 0.45 0.8 1.2 1.5 1.75 1.9 2.05 2.2 

Log F 0.026 0.638 1.509 2.278 3.011 3.503 4.336 5.215 

ра (g/cc) 0.350 0.552 0.826 1.061 1.265 1.403 1.588 1.812 

CO/CO: 7.2 7.1 5.0 2.3 1.0 0.5 0.2 

CO (mols/kg) 11.6 11.6 10.6 7.4 5.0 3.0 1.3 

CO: 1.6 1.6 2.0 3.2 4.7 5.8 6.6 7.2 

н, 8.1 7.6 5.3 2.2 0.7 0.3 0.1 

HO 11.7 11.7 11.5 10.6 8.9 7.8 6.7 6.1 

N: 13.3 13.2 12.7 12.3 12.3 12.3 12.4 12.4 

CH, 0.3 0.5 0.3 0.2 0.1 

NH; 0.1 0.2 1.2 1.8 1.9 1.9 1.7 1.7 

CH,OH 0.3 1.5 3.1 4.0 5.2 5.6 

vs (cc/g) 1.956 1.298 0.899 0.724 0.616 0.550 0.502 0.446 

п (mols/kg) 46.5 46.2 44.0 40.5 37.4 35.6 34.2 33.5 

Q (kcal/g) 0.98 0.98 1.02 1.08 1.13 1.16 1.18 1.18 

C, (kcal/kg/°K) 0.338 0.335 0.336 0.341 0.346 0.348 0.345 0.340 

fv) 0.398 0.457 0.472 0.473 0.467 0.459 0.442 0.420 

W (mm/ysec) 0.99 1.10 1.28 1.30 1.47 1.55 1.60 1.68 

рз (atm-10-‘) 1.0 2.3 5.2 8.4 12.3 15.5 20.0 20.5 

T: CK-107?) 3.51 3.04 3.89 4.08 4.28 4.42 4.59 4.76 


et al. concluded that in the presence of free 
carbon other substances including СН:О, 
C.H,, C;H40, and C;H,OH might be im- 
portant. Since previous calculations had not 
considered some of these, it is of interest to 
consider their influence on computed detona- 
tion and explosion properties. The heat of 


Google 


formation of CH;O; is, e.g., comparable to 
that of CO, (86.7 versus 94 kcal/mol, re- 
spectively), but the heat capacity of the 
former is considerably greater than for the 
latter. Keyes et al.Ch- 4 Fef-28 carried out 
detailed studies to determine the influence 
of various assumptions regarding CH40; and 
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Figure 12.5. Variation of Тз with р, using different equations of state for EDNA. 


СН,ОН formation on the products of det- 
onation of RDX and PETN. Their calcula- 
tions made use of the equation of state, 
Equation (12.1), with c = 0 treating n as a 
constant, and employed the velocity data 
from Office of Scientific Research and De- 
velopment Report No. OSRD-5611, namely 
for RDX 


D = 6,080 + 3,590 (pı — 1.0) 
and for PETN 
D = 5,550 + 3,950 (p; — 1.0) 


Tables 12.10 and 12.11 list the results for 
RDX in which CH40, and CH,OH were 


Google 


omitted and included, respectively, carry- 
ing calculations to unrealistically low and 
high values of p; and F in order to provide 
data for smooth curve presentations over 
the range of practical interest. Similar calcu- 
lations are presented in Tables 12.12 and 
12.13 for PETN, and in Table 12.14 for 
PETN in which CH;OH was included but 
CH;0:; omitted. This study permitted the 
following conclusions: 

(1) The variables рз(р1) and p2(p:) are af- 
fected very little by whether one includes or 
omits СНзОН and СН.›О,; in the products of 
detonation calculations. 

(2) The computed covolume curve a(v) 
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TABLE 12.10. Data ғов RDX (CH;OH AND CH;0; Оміттер as Detonation PRODUCTS) 


Logie F 1 2 3 4 5 6 

H; (mols/kg) 2.8 2.0 0.8 0.2 0.1 

N: 13.3 13.0 12.3 11.6 11.1 10.5 
CO: 2.7 3.3 5.1 7.7 10.0 11.4 
co 10.7 10.1 7.9 4.9 2.4 1.0 
H,O 10.1 9.9 8.5 6.3 4.3 2.9 
NH; 0.1 0.8 2.2 3.5 4.6 5.7 
CH, 0.1 0.3 0.7 1.0 0.9 
О 0.01 

ОН 0.4 0.2 0.1 0.1 

NO 0.1 0.1 0.1 0.1 0.1 0.1 
H 0.1 

N 0.02 0.01 

n (mols/kg) 40.7 39.7 37.6 35.4 33.8 32.8 
Q (kcal/g) 1.19 1.24 1.30 1.36 1.41 1.44 
C, (keal/kg/°K) 0.316 0.321 0.331 0.343 0.352 0.358 
ts (cc/g) 1.330 0.871 0.663 0.546 0.470 0.416 
ра (g/cc) 0.521 0.838 1.139 1.399 1.664 1.887 
z 0.921 1.290 1.607 1.862 2.076 2.243 
f (cc/g) 1.230 1.122 1.061 1.019 0.974 0.933 
« (cc/g) 0.804 0.631 0.528 0.462 0.410 0.372 
0 2.283 2.699 3.028 3.245 3.539 3.636 
T (°K-10-*) 4.74 4.97 5.18 5.36 5.48 5.63 
D (mm/,ysec) 4.36 5.50 6.58 7.51 8.46 9.26 
p: (atm-107*) 2.9 6.7 12.0 18.2 25.8 34.3 
W (mm/ysec) 1.33 1.49 1.63 1.76 1.86 1.99 


TABLE 12.11. DATA ғов RDX (CH;OH AND СН;О; IncLUDED as DETONATION Рворостз) 


Logie F 1 2 3 4 5 6 

Н, (mols/kg) 2.86 1.85 0.53 0.11 0.02 

N: 13.3 13.0 12.8 12.9 13.0 13.0 
CO: 2.6 3.3 5.3 6.7 6.6 5.5 
CO 10.7 9.6 5.8 2.3 0.6 0.1 
н.о 10.1 9.6 7.2 4.7 3.2 2.3 
МН; 0.14 0.7 1.1 1.0 0.8 0.7 
CH, 0.01 0.01 

CH;OH 0.01 0.3 1.6 2.6 2.7 2.3 
СН.О: 0.02 0.1 0.6 1.8 3.4 5.4 
о, 0.01 

OH 0.4 0.2 0.1 0.05 0.03 0.01 
NO 0.1 0.1 0 0.1 0.1 0.1 
H 0.01 

N 0.02 0.01 

n (mols/kg) 40.7 39.1 35.5 32.5 30.8 29.7 
Q (kcal/g) 1.20 1.24 1.30 1.35 1.35 1.33 
С, (keal/kg/°K) 0.317 0.323 0.338 0.351 0.358 0.362 
vs (cc/g) 1.327 0.875 0.680 0.571 0.502 0.450 
pı (g/cc) 0.524 0.833 1.109 1.342 1.588 1.770 
z 0.925 1.300 1.646 1.931 2.144 2.316 
f (cc/g) 1.227 1.138 1.119 1.103 1.076 1.042 
a (cc/g) 0.801 0.636 0.549 0.488 0.443 0.406 
6 2.277 2.679 3.060 3.287 3.597 3.917 
T (K-107?) 4.76 4.97 5.06 5.12 5.09 5.04 
D (mm/ysec) 4.37 5.48 6.47 7.31 8.08 8.84 
рз (&tm-107*) 3.0 6.7 11.3 16.6 22.0 27.8 
W (mm/ysec) 1.33 1.49 1.59 1.70 1.76 1.80 
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TABLE 12.12. Data гов PETN (CH;OH anp CHO, Omitrep as DETONATION PRODUCTS) 


Logio F 1 2 

Н, (mols/kg) 0.64 0.53 
N: 6.0 6.1 
CO: 8.8 9.4 
CO 6.9 6.3 
H,0 11.4 11.7 
NH; 0.01 0.07 
CH, 

О, 0.1 0.06 
он 1.0 0.5 
NO 0.4 0.3 
H 0.05 0.02 
n (mols/kg) 35.7 35.2 
Q (kcal/g) 1.26 1.33 
С, (keal/kg/°K) 0.322 0.327 
vs (cc/g) 1.158 0.796 
pı (g/cc) 0.612 0.930 
7 0.867 1.283 
S (ce/g) 1.004 1.021 
а (cc/g) 0.672 0.576 
6 2.438 2.854 
T (°K-10-8) 4.70 5.05 
D (mm/sec) 4.02 5.28 
p: (8tm-107*) 2.8 6.6 
W (mm/ysec) 1.17 1.37 
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5.5 
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0.619 
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1.43 
0.340 
0.520 
1.486 
1.859 
0.967 
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18.5 
1.70 
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0.06 
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13.9 
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1.47 
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TABLE 12.13. Data ғов PETN (CH;OH anp CH40; INcLUDED as DETONATION Рвороств) 


Logio F 1 2 

Н, (mols/kg) 0.6 0.5 
М, 6.0 6.1 
CO; 8.8 9.4 
CO 6.9 6.2 
но 11.4 11.5 
NH; 0.01 0.07 
CH, 

CH;OH 0.01 
CH0: 0.01 0.1 
о, 0.1 0.06 
OH 1.0 0.5 
NO 0.4 0.3 
H 0.05 0.02 
N 0.01 0.01 
о 0.03 0.01 
п (mols/kg) 35.7 35.1 
© (kcal/g) 1.26 1.33 
С, (kcal/kg/°K) 0.322 0.327 
оз (cc/g) 1.167 0.799 
pı (g/cc) 0.609 0.925 
z 0.858 1.285 
f (cc/g) 1.001 1.027 
« (cc/g) 0.672 0.578 
ө 2.466 2.836 
T (°К.10-:) 4.70 5.04 
D (пт/ивес) 4.01 5.25 
p: (atm-107*) 2.8 6.5 
W (mm/ysec) 1.16 1.37 
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0.01 
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28.5 
1.37 


0.432 
1.802 
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0.390 
4.106 
5.18 
8.96 
28.9 
1.76 
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TABLE 12.14. Data гов PETN (CH;OH INcLUDED AND СН+Оз OMITTED as DETONATION 


Рвороств) 
Logis F 1 2 3 4 5 6 
H: 0.5 0.4 0.2 0.08 0.02 0.01 
N: 6.1 6.1 6.0 5.9 5.9 5.9 
CO, 9.3 9.8 11.0 12.6 13.4 13.6 
co 6.4 5.8 4.2 1.8 0.5 0.2 
но 11.6 11.6 10.6 9.1 8.2 7.9 
NH; 0.04 0.1 0.3 0.4 0.5 0.5 
CH, 0.01 0.01 
СНЮН 0.01 0.07 0.5 1.2 1.7 1.9 
о, 0.08 0.03 0.02 0.02 0.04 0.06 
OH 0.6 0.3 0.2 0.1 0.09 0.07 
NO 0.3 0.2 0.2 0.2 0.3 0.3 
H 0.03 0.01 0.01 
N 0.01 0.01 
о 0.01 0.01 
п (mols/kg) 35.3 34.8 33.6 31.9 30.9 30.7 
Q (kcal/g) 1.33 1.37 1.41 1.45 1.46 1.46 
С, (kcal/kg/^K) 0.329 0.332 0.338 0.347 0.352 0.354 
уз (cc/g) 0.908 0.753 0.643 0.560 0.494 0.466 
pı (g/cc) 0.8 1.0 1.2 1.4 1.6 1.7 
а (cc/g) 0.615 0.560 0.511 0.469 0.428 0.410 
T (°K-10-*) 4.94 5.07 5.18 5.27 5.36 5.40 
D (mm/sec) 4.76 5.55 6.34 7.18 7.92 8.32 
рз (atm: 10-4) 4.8 7.5 10.8 15.1 20.2 24.0 
W (mm/ysec) 1.30 1.37 1.45 1.54 1.66 1.73 


was slightly higher when these molecules 
were considered than when they were 
omitted. However, the differences were too 
small to be considered significant. 

(3) С, and Q were enough different that 
400 to 500°K lower detonation temperatures 
were obtained at a density of 1.7 g/cc when 
these molecules were included than when 
they were omitted. The T;(p) curve thus 
increased more slowly in the density range 
up to about 1.5 than when those molecules 
were not considered and even became nearly 
flat above about 1.5 g/cc. 


Products of Detonation in Aluminized 
Explosives 

Aluminized explosives are characterized, 
in general, by relatively low brisance but 
high (underwater, open air, and under- 
ground) blast potential. The low relative 
brisance of aluminized explosives was at 
first attributed to incomplete reaction of 
aluminum at the C-J plane and the high 
blast potential to afterburning of aluminum. 
Early shaped-charge studies with torpex and 


Google 


other aluminized explosives interpreted in 
light of the observed linear variation of hole 
volumes produced in uniform targets with 
detonation pressure in charges of constant 
geometry and constant cones indicated that 
aluminum acted effectively as a diluent as 
far as shaped charges were concerned. More 
careful studies of this nature showed, how- 
ever, that the effective (or measured) de- 
tonation pressures in some aluminized ex- 
plosives were even considerably lower than 
one can account for by mere dilution with an 
inert additive (see Table 10.5). Moreover, 
extensive velocity-diameter studies showed 
that aluminum reacts very rapidly in Tri- 
tonal and HBX, diameter effects disappear- 
ing in relatively small diameters. 

Thus, as seen by the data shown in Figure 
3.3, no systematic aluminum particle size or 
diameter effects in diameters up to 25 cm 
were found in either the cast 80/20 ТМТ- 
aluminum or cast 45/30/2 RDX-TNT- 
aluminum mixture except for the former at 
diameters less than 5 cm. In fact, in the 
latter no definite diameter or particle-size 
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TABLE 12.15. COMPARISON SHOWING ENDOTHERMICITY OF ALUMINUM 
IN DETONATION WAVE 























Compari- 
son CRM Explosive pı (g/cc) |D (m/sec) | Number Explosive m (g/cc) фз (atm: 107) 
1 TNT 1.59 6,910 5 TNT 1.59 150 
80/20 TNT-NaCl 1.75 6,900 80/20 TNT-Al 1.68 140 
80/20 TNT-AI 1.75 6,800 
2 TNT 0.85 4,525 6 TNT 0.81 46 
80/20 TNT-NaCl 1.0 4,400 80/20 TNT-Al 0.94 45 
80/20 TNT-Al 1.0 3,840 
3 60/40 RDX-TNT 1.70 7,800 7 Composition B 1.71 230 
45/30/25 RDX-TNT-| 1.77 7,430 80/20 composition 1.81 170 
NaCl B-Al 
45/30/25 RDX-TNT-| 1.77 7,200 
4 60/40 RDX-TNT 1.00 5,650 8 73.2/26.8 compo- 1.83 155 
sition B-Al 
45/30/25 RDX-TNT-| 1.15 5,400 
NaCl 
45/30/25 RDX- 1.15 4,600 
TNT-AI 


t Measured by shaped-charge method, Chapter 10. 


effects were observed even in the lowest 
diameters studied, but diameter effects were 
more pronounced at low densities. These 
results show clearly that the reaction rate 
of aluminum is not a limiting factor in the 
behavior of Tritonal and RDX-TNT- 
aluminum mixtures at high density. Of par- 
ticular interest in this regard are the results 
summarized in Table 12.15. 

Comparisons 1 to 4, Table 12.15, show that 
aluminum lowers the velocity of TNT and 
60/40 RDX-TNT even more than salt! 
Here the particle size — of the salt was such 
that it should have behaved almost as an 
inert, although a small percentage of it may 
have vaporized to contribute slight endo- 
thermicity. The effectively endothermic 
character of aluminum in the detonation 
wave is even more evident in the measure- 
ment of detonation pressure, as shown by the 
results of comparisons 5 to 8 in Table 12.15. 
This is evident particularly in the case of 
the 80/20 and 73.2/26.8 Composition 
B-aluminum mixtures in which, despite a 6 
and 7 per cent higher density, the measured 
detonation pressures were 26 per cent and 
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33 per cent, respectively, lower than for 
Composition B. It is clear, therefore, that 
one cannot account for the behavior of 
aluminum in the detonation wave on the 
assumption that it is effectively nonreactive, 
1.е., that it acts as a diluent. Instead, the 
explanation of this behavior is to be found 
in the thermodynamics of aluminum reac- 
tions. A study of the thermodynamics of 
various aluminum products was carried out 
by A. S. Filler, and results (Appendix II) 
showed that the possible detonation prod- 
ucts of aluminum in C-H-N-O explosives 
меге Al;O(g), AlO(g), and AbOs(c) (g = gas, 
c condensed). Approximate constants 
were computed from statistical mechanics 
from which the distribution of aluminum in 
these three products could be computed ap- 
proximately by including these equilibrium 
constants along with others applicable in 
C-H-N-O explosives in the computation of 
the thermohydrodynamics of aluminized ex- 
plosives. Al;0; apparently does not exist in 
the vapor phase. 

The results of the thermohydrodynamic 
ealculations incorporating these equilibrium 
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constants for Tritonal and HBX were very 
enlightening; they showed that the ratio 
AlO(g)/Al;0;(c) was large at low densities 
and did not reach zero even at the maximum 
possible densities. Moreover, by reference 
to the empirical a(r) curve, it became evi- 
dent that the velocity-density curves of 
TNT-aluminum and RDX-TN T-aluminum 
mixtures should not be linear as in normal 
C-H-N-O explosives but should show con- 
siderable curvature. This prediction was 
later verified by velocity D versus density p 
measurements in these explosives (Figure 
3.2). The results of these studies therefore 
appeared to give a satisfactory explanation 
of the characteristic behavior of the alu- 
minized explosives, HBX and Tritonal, and 
others based on high-temperature explosives 
such as RDX and TNT. 

It was expected that the situation might 
be different in explosives of higher oxygen 
balance. To study the aluminum reactions 
in detonation at high oxygen balances, 
therefore, various AN-aluminum mixtures 
were studied. Thermohydrodynamic calcula- 
tions in this case showed that the ratio 
ALO(g)/ALlO;(c) was negligible up to 15 per 
cent aluminum, owing to the relatively low 
temperature of these mixtures. While it was 
expected that AIO would become important, 
contrary to expectation the calculated ratio 
AlO(g)/AlO(g) proved negligible even at the 
highest oxygen balances studied. However, 
this result remains uncertain, since the 
calculated equilibrium constants may not be 
sufficiently reliable to ensure the accuracy of 
this conclusion. 

Some thermohydrodynamic calculations 
for the above three series of explosives are 
given in Table 12.16. 

Experimental D(d) and D versus per cent 
aluminum (constant d) data for AN-alumi- 
num mixtures varying in composition from 
100/0 to 70/30 are shown in Figures 3.7 and 
3.8. These AN-aluminum mixtures were 
nonideal at velocities far below the ideal 
velocities in all cases irrespective of the 
particle size of either the AN or aluminum, 
but they exhibited the (ру) anomaly char- 
acteristic of all AN-nonexplosive fuel mix- 
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tures illustrated in Figure 3.6. Thus they 
apparently involve mass transfer as the 
rate-determining process in the detonation 
reaction, as discussed in Chapter 6. 

The above observations, together with the 
known behavior of aluminum explosives and 
the theoretical calculations, permit one to 
make the following generalizations: Temper- 
atures and pressures at the C-J plane for 
low-density TNT-aluminum and RDX- 
TNT-aluminum mixtures are such that the 
chief product of aluminum is Al;O(g). This 
forms endothermically with respect to the 
products of detonation of these explosives, 
and as a result the intensity of the detona- 
tion wave is reduced by aluminum. Owing 
to the much more rapid increase of pressure 
than temperature with density, however, 
the ratio Al,O(g)/Al;O;(c) decreases with 
density but remains appreciable even at the 
maximum density. Аз a result the influence 
of the highly exothermic product Al;O;(c) 
never is sufficient in Tritonal and HBX to 
overcome the endothermic effect of Al;O(g) 
at the C-J plane. The detonation velocities 
and detonation pressures (or brisance) of 
these high-temperature aluminized explo- 
sives are thus always lower than those of the 
corresponding explosives without aluminum 
even at the maximum densities, despite a 6 
to 8 per cent higher density for the alu- 
minized explosives. While these considera- 
tions explain satisfactorily the behavior of 
aluminum in the reaction zone, the situation 
is quite different as regards the work integral 
in aluminized explosives. 

The ratio Al;O(g)/Al;O;(c) falls to zero at 
temperatures below about 3500°K at the 
explosion pressures рз of the high-density 
aluminized explosives or to as low as about 
3000°K at lower pressures. This effect, there- 
fore, causes the temperature to be buffered 
at a value between 3000 and 3500°K during 
adiabatic expansion. The maximum available 
energy or total blast potential determined by 
the integral 


"f 
д-- | pdv = Q – 4 


[1 


will therefore include the energy made 
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TaBLEÉ 12.16. THERMOHYDRODYNAMIC PROPERTIES OF ALUMINIZED EXPLOSIVES 


80/20 Tritonalt 





AN-aluminum mixturet 


45/30/25 RDX-TNT- 


aluminumt 

90/10 | 85/15 | 80/20 | 70/30 
Log F 2.5 | 3.5 | 6.0 4.0 | 4.0 | 4.0 | 4.0 
а (cc/g) 0.14 | 0.08 | 0.05 0.096] 0.096] 0.096} 0.096 
m (g/cc) 1.1 | 1.42 | 1.79 1.28 | 1.27 | 1.27 | 1.27 
CO (mols/kg) 10.4 |5.2 | 1.[2 
CO, 2.4 |2.6 |2.9 
Hi 0.3 |0.1 | 0.05 0.1 |0.2 
Но 0.9 |0.9 |0.2 22.4 |21.0 |19.1 [14.2 
М, 4.2 |4.5 |4.9 10.7 [10.5 |9.5 |7.7 
NH; 0.2 | 0.2 | 0.2 0.05 | 0.5 | 2.0 
о, 2.2 |0.6 | 0.07 | 0.004 
OH 0.2 | 0.3 | 0.2 | 0.08 
NO 1.2 | 1.0 | 0.4 | 0.08 
CH,0H 0.1 | 0.6 | 0.7 
CH30; 0.1 [0.1 | 0.7 
HCN 2.0 | 1.6 | 0.7 
CH, 0.8 0.4 А 
СН, 0.6 | 0.9 | о.1 [0.6 [0.6 [0.1 
С.Н. 1.3 |0.8 |01 |0.7 |0.5 | 0.1 
C;:H,OH 0.1 | 0.6 |20 [0.3 | 1.1 | 2.3 
с 5.1 |9.5 115.0 |0.1 |1.5 | 5.9 
Al;0(g) 2.79 | 2.29 | 0.28 | 4.46 | 3.36 | 1.55 0.48 | 2.41 
А1,Оз (с) 0.91 | 1.41 | 3.42 | 0.17 | 1.27 | 3.08 0.37 | 1.86 | 2.78 | 3.2 | 3.15 
n (mols gas/kg) 25.5 |21.2 [14.0 |27.1 |22.5 [15.9 [43.8 142.7 |36.6 [33.1 |30.4 |26.7 
Q (kcal/g) 0.88 | 1.10 | 1.75 | 0.88 | 1.06 | 1.63 | 0.36 | 0.48 | 0.99 | 1.32 | 1.47 | 1.37 
Č, (kcal/kg/°K) 0.314| 0.340] 0.401| 0.292| 0.316| 0.360| 0.310| 0.324| 0.362| 0.374| 0.375| 0.353 
T: CK-10) 3.63 | 4.10 | 5.41 | 3.90 | 4.40 | 5.70 | 1.78 | 2.18 | 3.67 | 4.53 | 4.99 | 4.13 
ps (atm: 10-4) 3.8 | 8.5 |12.5 | 5.4 [10.5 [15.0 | 4.4 | 5.3 |11.5 [12.8 |13.0 |11.1 
D (mm/usec) 4.05 | 4.93 | 7.02 | 4.41 | 5.74 | 6.76 | 4.18 | 4.45 | 6.18 | 6.4§ | 6.48 | 5.8§ 


t Calculations from observed velocity curves (Figure 3.2). 


1 From a(v) curve. 
$ Computed. 


available by the shifting of this equilibrium 
to zero, because Т;, will still become small 
relative to T'; as the buffering effect disap- 
pears when this ratio becomes zero. Hence 
the buffering action of the ratio Al,O(g)/ 
AlO;(c) on temperature will tend to in- 
crease Q and A in aluminized explosives 
approaching, as far as maximum available 
energy is concerned, the high value corre- 
sponding to zero in this ratio. Only where v, 
is effectively in the same range as v; or v», 
as in applications requiring high brisance 
(e.g., shaped-charge phenomena including 
impulsive loading of targets, cavity effect, 
etc.), will the high Al;0(g)/AlO;(c) ratios 
applicable in the wave front of detonation 
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be important in lowering intensity. In cases 
where v, is effectively much greater than 
vı, this ratio should be effectively zero. 
The thermodynamics of the mixture as the 
А1,О(8) /А10, (с) ratio becomes zero thus 
appears to give а complete qualitative ex- 
planation of the behavior of the important 
high-temperature aluminized explosives. 
Quantitative computations are possible for 
any particular set of conditions. Since the 
temperature is always low in the maximum 
available-energy determinations of alumi- 
num explosives, these calculations are ele- 
mentary. 

The situation is somewhat different in 
AN-aluminum mixtures. In the first place 
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these mixtures have low enough detonation 
pressures and sufficient oxygen at alu- 
minum < 15 per cent that the AlO’g ’ 
Al,O,’c) ratio is practicaliv zero in this 
range. At 2f) per cent aluminum, where the 
explosive is approximately oxvgen-balanced, 
this ratio is stiil quite low and Q for detona- 
tion conditions is a maximum (at 1.355 
kcal kg) since the гапо Al;O/'g: AlO,/c) 
increases rapidly as aluminum is further in- 
creased owing to the rapidly increasing 
temperature. However, А in work processes 
where г; is effectively much greater than г; 
should continue to increase with per cent 
aluminum in the AN-aluminum mixtures, 
perhaps to as high as 35 to 40 per cent 
aluminum. The AN-aluminum explosives in 
this composition range should thus be very 
powerful ones for underwater, air-blast, and 
underground use. However, while they 
should develop sustained pressures, their 
peak pressures under all circumstances 
should be very low, particularly in small 
sizes where the D/D* ratio is low. 

While aluminum has been used considera- 
bly in both commercial and military explo- 
sives, it has one important property that 
has not been generally recognized or appre- 
ciated, namely its ability to react explosively 
and powerfully with water under suitable 
high-temperature initiation. The reaction 


3H,O(1) + 2Al — Al;0;(c) + ЗН, 


generates 190 kcal/mol corresponding to 
1,760 kcal/kg for the 50/50 aluminum-H;O 
mixture. This amounts, therefore, to 3,520 
kcal/kg aluminum, which is nearly 2.5 times 
as much heat as is generated by the same 
weight of pure NG and about 3.5 times as 
much as by 60 per cent straight dynamite. 
This mixture alone has not been detonated, 
but it has been possible to detonate mixtures 
of AN, aluminum, and water containing as 
much ав 20 per cent water in large diameters. 
This offers a possibility of using AN-alumi- 
num mixtures in large diameters under water 
by providing conditions such that only the 
desired amount of water, namely about 12 
per cent, will penetrate the powder. This 
may be accomplished practically by using 
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the same principle mentioned in Chapter 1. 
For instance, if а dry AN-aluminum mixture 
ог one containing some water already is 
packed to a given predetermined density and 
immersed in water, e.g., in a container that 
wil allow oniy slow water penetration but 
retard sufficiently the outward diffusion of 
the saturated solution-soiid mixture, the re- 
sulting mixture may be detonated to yield 
large-diameter blasting strengths of un- 
precedented magnitude. The high explosive 
potential of such mixtures is illustrated by 
the fact that the heat of explosion of the 
50 30 20 AN-aluminum-water mixture is 
about 1,660 kcal kg and that of the 40 40 20 
mixture is about 2.100 kcal kg, which is 
probably the practical upper limit of such 
combinations for underwater use. 

Finally, the explanation of the anomalous 
depressions in the D(d) curves of Figure 3.3 
and those described by Berger, Cachin, and 
Магас: 2. Ret. п js of particular interest. 
Aluminum has a finite but relatively short 
reaction time when used in mixtures like 
those described in Figure 3.3 and in the low- 
density PETN-aluminum mixtures de- 
scribed in Reference 11 in Chapter 3. In 
these low-density, granular mixtures, the 
detonation velocity would be higher if 
aluminum were to remain completely inert 
than if it were to react completley, owing to 
the effectively endothermic character of 
aluminum reactions under conditions such 
as to give a high Al;O(g)/Al;O:(c) ratio. In 
charge diameters below 6 cm, the amount of 
aluminum reacted in the detonation head of 
the low-density PETN-aluminum, 80/20 
Tritonal and 45/30/25 RDX-TNT-alu- 
minum mixtures is small, and aluminum 
then acts almost as an inert. In the diameter 
range 5 to 7 cm, however, the aluminum 
reaction apparently goes effectively to com- 
pletion in the detonation head. But the 
AlO(g)/AhO;(s) ratio is then so large, par- 
ticularly in the lowest-density mixtures, 
that the effectively endothermic reaction of 
aluminum materialy reduces the heat of 
reaction in the detonation head, thus lower- 
ing the velocity. This results in the sharp 
lowering of the D(d) curve shown by Berger, 
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Cachin, and Viard for the very-low-density 
penthrite-aluminum mixture and the much 
less definite lowering seen in Figure 3.3 for 
80/20 Tritonal at m = 1.0 and HBX at 
р1 = 1.15. Berger et al. assumed in their 
explanation of this phenomenon by means 
of the author’s geometrical model that alu- 
minum exhibits a reaction induction lag. As 
a matter of fact, the evidence of the very 
sharp drop in the D(d) curve at d = 6 to 7 
cm does seem to require an induction lag 
instead of a reaction that starts immediately 
but only gets going to the extent required to 
produce its characteristic endothermic ac- 
tion in the reaction zone of about 5 to 6 cm 
length such as would be obtained in 6- to 
7-cm-diameter charges according to the 
geometrical model. 


Detonation-State Properties 


The computation of the ideal detonation 
or C-J properties is sufficiently insensitive to 
the composition of the products of detona- 
tion that one may with sufficient accuracy 
interpolate and extrapolate to obtain n, Q, 
and C, over a considerable density range 
from compositions computed at a few se- 
lected densities, or determine compositions 
by less accurate computations, e.g., by neg- 
lecting species that do not affect appreciably 
the (nT/a) product, e.g., CH, , NH; , CH;, 
ОН, CH;O; , апа HCN. Then the other det- 
onation properties рз, W, Т, , and Ш сап be 
approximated with sufficient accuracy for 
most purposes by using either the a(v) curve 
(see Table 11.1) or the assumption рз = 1.33. 
p. 

While а great number of calculations of 
detonation properties have been made by 
the author and associates over а period of 
more than 15 years, many of these involved 
the use of less accurate evaluations of the 
products than is now considered possible. 
However, it has long been evident that even 
the less accurate methods of evaluating 
compositions did not influence a great deal 
the major detonation properties p: , W, рг, 
the a(v) curve, or computed velocities D* 
from the a(v) curve. This is, of course, un- 
derstood on the basis of the contributions of 
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Jones, discussed in Chapter 4. It is therefore 
believed that the methods outlined in this 
volume are as accurate for the determination 
of detonation-state properties as are neces- 
sary for practical applications, even though 
there may still remain some species that 
form in detonation that have not yet been 
considered. 

Table 12.17 lists detonation properties of 
some additional explosives. 


Explosion-State Properties 


Since in the explosion state one is in- 
terested, as regards practical applications in 
such factors as fumes (1.е., CO/CO., NO, 
НСМ, CH; , NHs, etc.), Т», Q, and A, all 
properties that are strongly dependent upon 
the composition of the products of detona- 
tion in this particular state, one generally 
requires more accurate knowledge of the 
products composition than in the detonation 
state. Indeed, the determination of the 
composition of the explosion products is one 
of the most important and difficult problems 
in computing this state. One knows ac- 
curately, of course, the specific volume из for 
the explosion state. The great advantage of 
having an empirically general a(v) curve 
then resides in the ability to determine а; and 
F; from this curve and the known р; and 
thereby to make accurate calculations of the 
composition in those explosives where the 
species present and their thermodynamic 
equilibrium equations are known. If, there- 
fore, one can accept the general a(v) curve, 
one may use Table 11.1 to write down а; 
and F; for a given density ру. On this basis 
the computation of the products composition 
in the explosion state is considerably easier 
than in the detonation state, because in the 
latter one must iterate v; and аз along with 
all the other thermohydrodynamic varia- 
bles. If, on the other hand, one cannot ac- 
cept the general a(v) curve, the problem in 
computing the explosion-state products 
composition is a difficult one indeed, at least 
for such explosives as TNT, RDX, PETN, 
and high-grade dynamites. For instance, it 
would be necessary to establish an equation 
of state for each explosive. This would re- 
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TABLE 12.17. DETONATION PROPERTIES OF ADDITIONAL EXPLOSIVES 

















se: 70.7/29.3 | ; 94.5/5.5 

— comp. 50/50 TNT-AN DNT "шш at | AN fael 
pı (g/ce) 1.56 | 1.72) 1.65 | 0.86 | 1.0 | 1.13 | 1.41 | 1.55 | 1.0 | 1.5 1:8: 10 
Log F 5.0 5.4 2.6 15.0 | 2.6 | 4.9 
CO (mols/kg) | 8.0 2.4 7.0 | 0.4 | 5.4 | 3.0 
CO; 5.9 6.9 6.1 8.3 |4.9 | 12.0 3.9 
H: 0.01 0.01 1.1 0.03 | 0.5 | 0.2 
но 0.1 4.1 10.2 5.5 |4.4 | 11.8 27.5 
N: 10.6 10.7 8.8 8.9 |4.5 | 6.1 11.9 
NH; 0.2 1.0 1.5 |1.2 | 1.0 
CH, 0.6 0.1 2:2 
CH;,0H 5.0 3.0 2.0 4.0 |2.5 
CHO: 0.9 4.3 0.3 28 | 01 
НСМ | 1.0 
С | 122.4 | | 
CaO | | | 0.1 | 
п (mols gas/kg) (31.3 |31.3 | 30.3 [39.5 [37.1 [35.6 33.6 31.1 26.5 | 33.1 | 31.1 43.3 
Q (kcal/g) 1.14 | 1.14| 1.13 | 0.87 | 0.90 | 0.93 | 0.97 | 0.96 | 0.96 | 1.43 | 0.98 0.89 
С. (keal/kg/°K) | 0.348) 0.35) 0.374 | 0.336] 0.345 0.353| 0.366 0.370 0.404 0.334 | 0.30| 0.390 
T: CK-1073) 4.42 | 4.8 | 4.16 | 3.31 | 3.37 | 3.43 | 3.40 | 3.55 | 3.0 | 5.77 | 4.27 3.0 
pi(atm.10-) (19.0 23.0|20.0 |4.5 |56 |T.4 11.4 139 |45 |22.5 | 11.3) 5.9 


t Neglected CH;OH, CH;O; , NH; , and CH,. 





1 Assumed same composition as in explosion state. 


quire calculations of detonation properties 
(by the inverse method) over a range of 
densities with a suitable form for the equa- 
tion of state. Only after this equation of 
state is established would it then be possible 
to evaluate the explosion state or any other 
desired initial state. These considerations, 
together with those in Chapter 11, thus 
emphasize the importance of the empirical 
a(v) curve or some equivalent equation-of- 
state generalization in explosives technology. 

Table 12.18 presents calculations of ex- 
plosion-state properties for representative 
types of military and commercial explosives. 
The early calculations did not take into 
account various of the species that are some- 
times possible, according to data given in 
Appendix II. 

Explosion-State Products of TNT. The 
only C-H-N-O case in Table 12.18 where 
these omissions seem serious is for TNT. 
Hence, for this explosive, calculations were 
carried out for two densities (p — 1.0 and 
р = 1.59), taking into account all species in 
Appendix II that had not previously been 
considered. The results are presented in 
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Table 12.18a. They show surprisingly little 
difference in п, Q, Тз, and composition, de- 
spite significant amounts in the computed 
composition of some of these previously ig- 
nored molecules. The differences appear, 
however, to be significant in problems con- 
cerning fumes and maximum available work 
A. Included also in Table 12.18a are results 
computed for TNT by Jones and Miller: 4. 
Ref.25 and measured data by Haid and 
Schmidt, €^. 11. Ref. 2 using the Trauzl block. 
The computations of Jones and Miller ig- 
nored not only the molecules mentioned in 
the title of Table 12.18a but also HCN and 
NH;. Haid and Schmidt’s measurements 
showed significant amounts of HCN and 
МН, but none of the others. As mentioned, 
this is not considered evidence that these 
gases do not exist in the explosion state, since 
they may disappear during adiabatic ex- 
pansion. 

Explosion-State Products of Dyna- 
mites. The computation of the products of 
detonation of dynamites involve two basic 
questions: (1) What is the mode of reaction 
of NaNO; in the presence of such gases as 
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TABLE 12.18. EXPLOSION PROPERTIES OF VARIOUS COMMERCIAL AND MILITARY EXPLOSIVES 
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Ammonia gelatins 


75% 


40% 


75% 


Straight gelatin 


100% 


60% st. dyn. | 40% st. dyn. 


Tetryl 


TABLE 12.18. EXPLOSION PROPERTIES OF VARIOUS COMMERCIAL AND MILITARY ExPLosivEs (continued) 
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TABLE 12.18а. COMPARISONS OF EXPLOSION STATE Propucts rog TNT 











1.0 

Density 

(а) |(b)Ch.. куне. 4. Ref.zs 

СО (mols/kg) 16.6 | 16.8 | 16.0 
CO; 3.5 3-5 p 29:8 
H: 1.3 226: |. 35 
Н.0 2.7 2.6 3.1 
м, 5.7 5.5 6.6 
NH; 0.2 0.8 
HCN 1.6 1.4 
СН. 0.4 1.9 2.1 
CH;OH 0.1 
C;H;0H 
CH0 0.3 
CH:30; | 
С.Н. | 1.2 | 
С.Н, 0.8 | } 
C 2 | 7a. T 94 
n (mols/kg) 34.4 35.0 | 
С. (keal/kg/°K) 0.317, 0.317 | 
Q (kcal/g) 0.87 0.87 
T; CK-107 ) 3.00 3.00 
ps (atm-107*) 2.7 2.8 











(a) Including all species in Appendix II. 

















1.5 | 1.59 
(d)Ch.u. Ref.2)(c)Ch.4. Ref.2s) (а)  |(b)Ch.e. Веги (d)Ch.u. Ref.2 

17.0 8.7 5.0 9.4 9.4 
2.84 6.5 |9.0 6.8 5.5 
3.49 1:6. | 0:1 | 0.6 1.6 
3.77 4.6 | 0.5 | 3.4 6.1 
4.75 6.6 6.1 5.0 
2.85 | 0.2 | 1.1 1.5 
0.47 0:7; | 52:0 0.3 
0.1 2.4 2.2 0.4 

1.2 

| 1:1 

0.3 | 

0.2 | 

0.1 | 

LE | 
10.0 13.1 10.0 | 10.4 14.6 

25.6 | 30.5 

0.360] 0.342 

1.115]. 112 

3.38 | 3.42 

6.3 | 7.5 











(b) Omitting CH;OH, C;H;0H, CH;0; , CH, , and C2He. 


(c) From curves by Jones and МШег.СЬ. 4. Ref. 25 


(d) From Haid and Schmidt.C^- 11. Ref. 2 


СО, , SO, , and oxygen and (2) what is the 
degree of participation of paper in the ex- 
plosion-state reaction? Thermodynamic data 
on the decomposition of Na;CO; by Howarth 
and Turner? show that Na2CO; should form 
in the reaction 


Na)0 + CO; =p NaCO; 


under usual explosion-state conditions in 
dynamites. For example, their data indicate 
that at 5000°K the equilibrium pressure does 
not exceed 10‘ atm. It has been conventional, 
however, to assume (see, e.g., Brown. 4. 
Ref. 4) that the important sodium-containing 
product of SN decomposition in dynamites 
is Na;O. The results presented in Table 12.18 
were based on Na,O rather than Na2CO; as 
the product of NaNO; reaction in dopes. 
The reactions of NazO, 50, and О, are 
more complicated and have not yet been 
properly solved. One knows, however, from 
observed products in the various fume 
gauges, that in the presence of excess oxygen 
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NaSO; is a product of detonation, and in 
negative oxygen-balance mixtures NaSOs 
and NaS are products of detonation. 

It is customary to assume that the paper 
shell reacts in the explosion reaction and in 
the ballistic-mortar method of measuring 
strength one therefore measures the strength 
not of the explosive alone but of a mixture of 
explosive plus shell material in the same 
ratio as in the dynamite cartridge. Moreover, 
in computing oxygen balance commercial 
explosives technologists include the paraf- 
fined paper wrapper as part of the over-all 
composition. On the other hand, there is 
ample evidence in field observations that the 
paper does not react completely in all cases, 
because one may sometimes find bits of un- 
reacted paper shell following a borehole shot. 
Studies made of this matter indicate that the 
degree of participation of paper depends 
primarily on the amount of free oxygen 
available in the detonation products. Ob- 
viously, the paper does not react at all in 
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the initial detonation-state reaction. But, as 
pointed out previously, there is considerable 
time between the detonation state and the 
explosion state during which paper may 
react with available oxygen. Furthermore, in 
those dynamites where the oxygen balance of 
the powder plus paper shell composition is 
near zero (i.e., where the oxygen balance of 
powder alone is strongly positive), there is 
no doubt that most of the paper does react; 
otherwise the fumes would be poor in many 
cases where they are not. To account for the 
observed behavior the author adopted the 
assumption that the paper shell will react 
only until the excess oxygen of the detona- 
tion state has been consumed. This seemed 
to give results in fair agreement with ob- 
servations regarding the appearance of un- 
reacted paper in borehole blasting. 

The compositions used in computing the 
explosion-state properties of the dynamites 
listed in Table 12.18 were essentially the 
same as those given in the Army and Air 
Force technical manual entitled ‘Military 
Explosives’ corrected for the paper-powder 
ratio and the assumption of paper participa- 
tion to an arbitrary amount of 0.05 mols/kg 
О» in the products of detonation. Thus it was 
assumed that no paper at all reacts in 60 per 
cent straight dynamite because of the rela- 
tively negative oxygen balance of the powder 
even without paper participation. On a total 
powder plus paper basis, therefore, the com- 
position in this case contains only about 0.95 
times as much of each gas as in a calculation 
of 100 per cent powder without the paraf- 
fined paper shell. On the other extreme the 
lower-grade gelatins and straight dynamites 
were assumed to burn the paper nearly 
completely in most cases, owing to favorable 
oxygen balance. If this concept of paper 
reaction is correct, one concludes that, by a 
proper adjustment of oxygen balance such as 
to be positive without and negative with the 
shell paper considered, paper has a natural 
buffering reaction on fumes. That this may 
be true is indicated by the fact that the fume 
properties of properly oxygen-balanced dy- 
namites are generally appreciably better 
than for those sufficiently out of balance so 
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that the paper reaction could not buffer the 
reaction. 

While more exact studies cannot yet be 
made owing to lack of necessary data, it is 
of interest to consider approximately the 
difference in computed explosion-state prop- 
erties between results obtained by assuming 
Na.O as the product of detonation compared 
with those obtained by the assumption that 
sodium goes to Na;CO; in the absence of 
sulfur and first to NaS, Ма ЗО: and NaSQ,, 
then to NaCO; in the presence of sulfur, de- 
pending on the oxygen balance and the sulfur 
content. 

Let us assume for convenience that the 
reaction NaxO + CO; — Na;CO; merely 
removes some of the CO; without influenc- 
ing appreciably the amounts of any of the 
other products of detonation, which will be 
a good approximation at or near zero oxygen 
balance such as when paper buffers the oxy- 
gen balance at zero. Then the difference be- 
tween assuming МазО on the one hand and 
Na,CO; on the other hand amounts in n to 
—1 mol gas/mol Маз СО; formed; in Q to 
+77 kcal/mol Na:CO, ; and in C, to roughly 
+0.006 keal/°K per mol of this reaction. 
Assuming as average values n = 35, Q = 
1,000 and С, = 0.3, each mol of NasCO; 
formed should thus increase T; by about 
200° or about 6 per cent. Then nT; and 
therefore p; should be increased by about 2 
per cent; Q would be increased by 7.5 per 
cent, but the available energy A by only 
about 4 per cent, if one assumes that only 
half of the heat content of solids above 
Се Т, is available for useful work. Applying 
these approximations to 40 per cent straight 
dynamite, the assumption of Na;CO; in- 
stead of Na,O formation changes the com- 
puted T, from 3100°K to about 3700°K, Q 
from 820 to 1,050 kcal/kg, A from 740 to 
about 820 kcal/kg, ps from 48,000 to about 
50,000 atm, and n from 24.4 to 21.4 mols/kg. 

The greatest error in assuming Na,O in- 
stead of Na;CO; comes in the lowest-grade 
dynamites in which up to about 7 moles of 
SN are used per kilogram. This leads to an 
error of about —700°K in T; , —270 kcal/kg 
in Q, — 140 kcal/kg in A, +3.5 moles in п, 
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and about 6 per cent too low an explosion 
pressure рз. 

The situation in dynamites containing SN 
and sulfur is too complicated for simple 
approximations of this sort to be reliable. 
The formation of Na;SO, produces. about 
220 kcal/kg more heat than if the products 
were Ма.О, SO:, and 1O;. However, the 
removal of the oxygen from CO; or H,O 
lowers Q by about 50 to 60 kcal. If по О, 
were available at all, the sodium product 
may be Na,S, freeing the oxygen of NaO 
for reaction with H or C to increase Q by 
about 40 to 50 kcal. Hence Q is increased 
from about 50 to 220 by assuming NaSO; , 
NaSO;, and NaS instead of Na,O, SO;, 
and S depending on oxygen balance. Like- 
wise n decreases from zero to 1.5 mols/kg per 
gram atom of sulfur in the explosive. It is 
emphasized that heat data, particularly 
heat capacities and conditions for formation 
of solids containing sulfur and Na4CO; , are 
not yet well enough known to make possible 
accurate explosion-state calculations for SN 
explosives with and without sulfur. Studies 
of the products of detonation and the ther- 
modynamics of their formation in SN and 
SN-sulfur explosives thus are in order, 
particularly in view of the importance of 
these ingredients in low-grade dynamites 
and black powder. 

High-AN-Non-NG Explosives. Several 
examples of these explosives are given in 
Table 12.18, including various mixtures of 
amatols (AN-TNT), AN-aluminum, AN- 
aluminum-H;0, AN-DNT, and AN-wood 
pulp. Theoretically, one ordinarily encoun- 
ters little difficulty in determining the 
composition of the products of fuel-sensi- 
tized, high-AN explosives owing to their 
relatively low temperatures and pressures. 
Moreover, theoretical fumes of oxygen- 
balanced AN-fuel mixtures are excellent. 
This applies even to pure AN which, despite 
its large positive oxygen balance, still pro- 
duces very little NO and NO, in complete 
reaction owing to its low detonation and 
explosion temperatures. However, in a 
sluggish, nonequilibrium decomposition of 
AN at much lower temperatures, considera- 
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ble oxides of nitrogen may be produced. 
Indeed, one uses AN to produce laughing 
gas by controlled decomposition. Thus from 
а practical viewpoint the fumes problem of 
AN explosives is not a simple one, especially 
when the mixture is nonideal with a velocity 
near the critical value. For example, under 
threshold detonation conditions, one #е- 
quently observes copious amounts of red 
fumes (oxides of nitrogen) in the products of 
detonation of high-AN explosives. More- 
over, it is possible to obtain at the same time 
appreciable CO, NH; , CH, , etc., as though 
the explosive were а high-temperature one, 
in which oxides of nitrogen and combustible 
products are expected to form simultane- 
ously owing to dissociation of СО, and H30, 
which it is not. The explanation of forma- 
tion of both NO and CO in AN-fuel mix- 
tures resides, on the other hand, in their 
mechanism of sensitization and reaction. 

Consider а mixture such as AN and paraf- 
fin in which the paraffin is present on the 
surface of a coarse AN product. Now the 
reaction proceeds from the surface inward, 
as shown in Chapter 6. Hence if the mixture 
is oxygen balanced, when the particle is, 
e.g., half consumed, the gas phase contains 
а large deficiency of oxygen, hence appre- 
ciable noxious fumes such as CO, CH, , and 
NH; but no oxides of nitrogen. Suppose 
then that the reaction proceeds so slowly 
that it is effectively quenched before reaction 
is complete. The undetonated component 
then consists primarily of hot AN, and the 
gases correspond to a mixture of appreciably 
negative oxygen balance. The hot AN, 
although effectively quenched as far as the 
work process is concerned, will decompose 
slowly at low pressures after the work 
process is over by reactions of the type 
that produces laughing gas. Red fumes, for 
example, may be observed in underwater 
shots with '"Nitramon" and similar ex- 
plosives. Moreover, when they are observed 
to form, one knows equally well that CO 
and other combustible fumes must also 
form simultaneously. 

A closely related problem is that of 
sensitization of AN. Sensitization is closely 
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related to the heat released and therefore 
to the products of detonation in the early 
stages of reaction. Figure 12.6 illustrates 
results of measurement by Cook and Talbot? 
of the number of No. 6 fuse caps required 
to detonate 6 in. or longer 2-in.-diameter 
charges of loose-packed AN-—wax mixtures 
made with fine AN. Note that the maximum 
sensitivity occurred at 1 - 0.5 per cent 
wax; the  maximum-strength mixture 
(94.5/5.5 AN-wax) had a very much lower 
sensitivity. The explanation is that only a 
small fraction (about 15 to 20 per cent) of 
the explosive reaction is required to propa- 
gate the explosive at the critical diameter 
where the velocity is about 1,000 to 1,500 
m/sec. But the reaction is a surface reaction, 
and the initial small percentage (15 to 20 
per cent) reaction is most intense when the 
products are as nearly as possible СО», 
H:O, and №. But for the initial 20 per 
cent of the reaction to produce this mixture 
of gases, one requires only 1 per cent wax 
and 19 per cent AN. Hence at the peak 
sensitivity of the sensitivity versus wax- 
content curve, the composition of the 
gases actually is the most energetic one 
corresponding to zero oxygen balance. The 
remaining 80 per cent of the mixture having 
optimum sensitivity is then essentially pure 
AN. This example illustrates the fact that 
the gas composition is of great importance 
at all stages of the detonation process. 
The situation is somewhat different for 
porous AN sensitized with fuel oil (or wax 
if the wax is first melted and thoroughly 
mixed with the AN). Prilled AN of the type 
currently popular in large-diameter АМ- 
fuel-oil blasting is а porous АМ that is able 
to absorb fuel oil rapidly and uniformly. 
Table 12.19 shows sensitivity results ob- 
tained by the author with prilled AN-No.- 
2-fuel-oil mixtures. In Table 12.19 М.В. 
refers to the minimum booster required to 
detonate the unconfined explosive packed 
in thin-walled tubes usually at a diameter 
at least 1 in. above the critical diameter d. 
also shown in Table 12.19. Note that the 
maximum sensitivity in these AN-fuel-oil 
mixtures was obtained with the maximum 
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Figure 12.6. Explosive sensitivity of AN-wax 
mixtures versus per cent wax. 


strength, nearly oxygen-balanced mixture 
(94/6). This, as stated above, is because the 
mixtures of prilled AN-fuel oil are effectively 
homogeneous in composition even on the 
intergranular scale. 

For comparison, results also measured by 
the author with AN-fuel-oil mixtures 
made with a nonporous AN product of 
about the same particle size as prilled AN 
(primarily —8+20 mesh) are shown in 
Figure 12.19. Note that the sensitivity of 
the 99/1 mixtures were the same for the 
porous and the nonporous AN products. 
But the maximum sensitivity occurred at 
2 per cent fuel oil with the nonporous 
product, and fell rapidly to zero (failed in 
a 9-in.-diameter charge with 360 g cast 
“Pentolite” booster) at the oxygen-balanced 
mixture. Apparently only with 1 per cent 
fuel oil is the mixture that actually detonates 
in support of wave propagation (possibly 
about one-sixth of the outer layers of AN) 
as intimately mixed in the nonporous AN 
case as in the corresponding 99/1 prilled 
AN-fuel-oil example. Incidentally, the veloc- 
ity of the 94/6 prilled AN-fuel in 5-in.- 
diameter (more than 15 in. long) charges 
was only 2,540 + 200 m/sec. This corre- 
sponds to a D/D* of only about 0.6, corre- 
sponding to only about one-third of the 
chemical reaction supporting wave propaga- 
tion. This explosive should therefore have a 
borehole pressure-time curve showing a peak 
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TaBLE 12.19. UNconrinep Sensitivity ОР AN-FvEL-OriL MIXTURES IN THIN PAPER SHELLS 











| Prilled AN Nonporous AN (same size) 
Per cent No. 2 fuel ой la Le ja 1 47 7 e ls ho hs |1 2 | 4.7 | 6.0 
pı (g/cc) 0.82 0.8 0.8 | 0.8, 038 0.8 | 0.8. 0.81) 0.81 09 0.88 — | 0.86 0.86 
M.B.t (No.) Fij1|2 |4 |5 |6 |4 |3 |Fali 2 |1 [Fa 
det inches solo |5 |4 44 |5 [в |>9 9 |e<a<99 | >9 
D (5" dia) (m/sec) 2200 2510 | 2390 
D* (m/sec) 3700 4200 4100 





t M.B. = minimum booster: 


1 d, = critical diameter. 


5000 


$ 


VELOCITY (Meters Sec) 





О Experimental Result - 94/6 





Е-1 = failed with No. 1 booster. 
No. 
No. 
No. 
No. 
No. 
No. 


1 = 360 g cast, 50/50 ‘‘Pentolite”’ (2-in. diameter). 
2 = 160 g cast, 50/50 ‘‘Pentolite’’ (2-in. diameter). 
3 = 200 g pressed tetryl (2-in. diameter). 

4 = 100 g pressed tetryl (2-in. diameter). 

5 = 60 g pressed tetryl (l-in. diameter). 

6 = 40 g pressed tetryl (1-т. diameter). 





-90/0 
-98/2 


Figure 12.7. Calculated velocity-diameter curves for 98/2, 94/6, 90/10 AN (prill)-fuel oil mixtures. 


pressure occurring several hundred micro- 
seconds after passage of the detonation 
wave. 

Results of calculations of the D(d) curves 
for 98/2, 94/6 and 90/10 (prill) AN-fuel 
oil mixtures are shown in Figure 12.7. These 
curves were computed by the methods 
outlined in Chapter 6 for a homogeneous 
granular explosive. This is justified by the 
fact that the prilled AN absorbs the fuel 
oil uniformly. Fig. 12.8 presents the com- 
puted pressure-time curves for 94/6 (prill) 
AN-fuel oil together with those for 60 per 
cent straight dynamite, a 60 per cent am- 
monia dynamite of density 1.0 g/cc and 
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94/6 AN-fuel oil with very fine (say —150 
mesh) AN. The results show clearly the 
nonideal character of the 94/6 (prill) AN- 
fuel oil mixture. They are of considerable 
value in explaining the blasting action of 
the 94/6 (prill) AN-fuel oil mixture cur- 
rently in wide use in large diameter blasting. 


Detonation and Explosion States of 
LOX 


Table 12.20 presents calculated results 
for an activated charcoal-liquid oxygen 
mixture in which the charcoal at an initial 
density of 0.34 g/cc is first soaked in liquid 
oxygen to give an initial mixture of 80/20 
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liquid oxygen-carbon of density 1.7 g/cc. 
After soaking the carbon in liquid oxygen, 








60% St. Dynamite 





60% Ammonia Dynamite (21.0 gc) 


PRESSURE (Kilobars) 





/6 AN (fine) – Fuel Ой 


— — · — 
am 


— 


с 


22“ 
2294/6 АМ (ре) - Fuel Oil 





40006 0068 
TIME (Seconds) 

Figure 12.8. Pressure-time curves (under per- 
fect confinement) for 94/6 AN (prill)-fuel oil, 94/6 
AN (fine)-fuel oil, 60 per cent straight dynamite, 
and a 60 per cent ammonia dynamite of density 
1.0 g/cc. 
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the charge is placed in а borehole and fired 
as soon as possible to minimize oxygen loss, 
since it evaporates rapidly from the charge. 

Two striking conditions are illustrated by 
the data in Table 12.20 

(1) In the composition range from 80/20 
to 60/40, the temperatures Т, and Т; are 
extremely high. The high Т» criterion for a 
primary explosive is thus applicable here, 
and one may easily understand why LOX 
is а very dangerous explosive; in this com- 
position range it should indeed be a primary 
explosive. Perhaps only the very low temper- 
ature of the mixture prevents it from 
exploding spontaneously during normal 
handling. But the presence of any source of 
spark or flame might easily be disastrous 
even for the very cold mixture. 

(2) At the highest LO content LOX is 
theoretically an explosive of very high 
brisance, but p» decreases very rapidly as 
the О» evaporates, owing to the great 
importance of density on pz. For instance, 
the most powerful mixture, 73/27 for which 
oxygen balance 0, develops only about 
half the detonation pressure obtained by 
the less powerful but much higher density 
80/20 mixture. 


TABLE 12.20. DETONATION AND EXPLOSION PROPERTIES OF LOX 



































80/20 73/27 70/30 60/40 50/50 
Composition 

(Dt (2)t (1) (2) (1) (2) (1) (2) (1) (2) 
pı (g/cc)t 1.7 1.7 1.26| 1.26 1.13 1.13 | 0.85 | 0.85 | 0.68 | 0.68 
а 0.1 0.06 0.20 0.1 0.25 0.13 | 0.45 | 0.25 | 0.6 0.4 
Log F 4.0 5.5 2.5 4.0 1.7 3.2 1.3 2.0 0.8 1.3 
CO (mols/kg) 0.2 3.0 0.5 6.0 6.0 | 29.3 | 29.3 | 31.3 | 31.3 
CO; 16.5 | 16.7 19.4 | 22.0 19.0 19.0 4.0 4.0 
о, 9.0 8.8 1.9 0.8 
С 10.4 | 10.4 
n (mols/kg) 25.7. | 25.5 24.3 | 23.3 25.0 25.0 | 33.3 | 33.3 |31.3 | 31.3 
Q (keal/g) 1.56 | 1.57 1.9 2.1 1.9 1.9 1.15 | 1.15 | 0.83 | 0.83 
С, (keal/kg/°K) 0.28 | 0.29 0.3 0.3 0.3 0.3 0.23 | 0.24 | 0.26 | 0.26 
T; ^K-1073) 5.8 | 706.6 76.6 5.3 3.5 
Т» CK-1073) 6.9 | ~7.3 | ~7.0 5.7 3.9 
p: (atm: 10-4) 12.0 . 6.6 5.4 3.2 1.5 
р» (atm-107*) 26.0 | 14.0 11.0 6.2 2.5 

t (1) Explosion state; (2) detonation state. 
1 Computed on basis of a dry carbon black density of 0.34 g/cc. 
Original from 
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Secondary Explosions at Large Negative 
Oxygen Balance 

The use of explosives of negative oxygen 
balance in underground blasting and some- 
times even in open-pit blasting incurs a 
hazard from secondary explosions that must 
never be forgotten. Consider, for example, 
TNT shot at р = 1.0 to yield an explosive 
potential of about 800 kcal/kg. Owing to 
the considerable excess of combustible 
fumes, when these fumes mix with air they 
pass through a mixture of maximum explo- 
sive sensitivity. Moreover, the presence of 
appreciable hot solid products may initiate 
this mixture, since all gaseous explosive mix- 
tures of sufficient heat of explosion are 
primary explosives and may be initiated 
with extremely small energies. Under the 
most favorable condition for a secondary 
explosion of the products of detonation of 
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TNT with air, an explosion producing a 
heat of explosion of up to (3,400 — Q (TNT) 
or] about 2,500 kcal/kg of the original TNT 
might result. Hence in this case secondary 
explosion could release nearly three times 
as much energy as the primary explosion. 
Since it would occur in the atmosphere, e.g., 
following a large underground or underwater 
blast, moreover, it could have devastating 
results in a large primary blast. 

The possibility of secondary explosions in 
blasting with explosives of large negative 
oxygen balance is well known in the com- 
mercial industry. However, there is no evi- 
dence that anywhere near the theoretical 
upper-limit explosion potential can be 
realized in such secondary explosions. 


Water-Compatible Explosives 


Recently the author and H. E. Farnam 
developed some slurry explosives for use in 


TABLE 12.21. COMPUTED EXPLOSION STATE Properties ОР AN-TNT-WATER 
SLURRIEsS vs. AN-TNT (pry) 


Composition 

AN 

TNT 100 73 

Water 27 
ра (g/cc) 1.03 1.4 
AH, (kcal/kg) 50 1064 
Products of ExPLosioN (mols/kg) 

со 16.6 1.7 

со, 3.5 11.8 

H; 1.3 0.23 

но 2.7 9.2 

М, 5.7 4.4 

NH; 2.2 0.5 

HCN 1.6 

CH, 0.4 0.3 

CH;OH 0.1 

C;H,OH 

CH;,0 0.3 

С.Н 1.2 0.4 

С.Н 0.8 3.9 

C 4.3 
n (mols/kg) 36.4 32.4 
Т, (°K) 3000 2200 
Q (kcal/kg) 870 715 
Q (dry basis) 870 980 
At (kcal/kg) 835 715 
A (dry basis) 835 980 
ps (kilobars) 28 44 


50 40 76.5 85 
50 40 23.5 20 
20 15 
1.0 1.41 1.0 1.4 
1220 850 1297 
9.7 0.8 1.05 0.75 
4.8 8.0 6.25 5.45 
2.8 0.4 0.46 0.5 
12.1 18.0 21.2 26.3 
9.2 7.0 11.15 9.5 
0.8 1.2 
0.4 0.3 
0.3 0.5 
0.2 1.4 
40.3 36.6 40.1 42.5 
3050 2250 3000 2450 
870 710 975 760 
870 900 975 895 
860 710 965 760 
860 900 965 895 
32 50 31 59 


f Assumes water remains gaseous in the work process. This may be incorrect since Ту is below the 


condensation temperature in the slurry mixtures. 
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TABLE 12.22. Dry TNT vs. TNT-WATER SLURRIES 


TNT: Typet 1 1 2 
Per cent 100 72 100 
Water (Per cent) 28 

density 1.03 1.35 1.03 
M.B.i 2-80T 1 2-80T 
d, (inches)t 3 1.25 2 

D (m/sec) 4080 


2 3 3 4 4 
73 100 62 100 63 
27 38 37 
1.38 0.76 1.24 0.8 1.3 
140T | №.6сар| 1-20T | «No.6 еар| 2-320P 
1.25 | <2 1 0.25 6 
5000 5990 4200 


11 = —3+8 mesh “‘Pelletol’”’; 2 = —4+10 mesh ‘Nitropel’’; 3 = Flaked; 4 = —35 mesh fine granu- 


lar; 5 = —10+14 mesh “Nitropel’’. 


1M.B. = minimum booster; 2-80T = 2 inch diameter, 80 grams pressed tetryl; 2-320Р = 2 inch 


diameter, 320 g cast 50/50 pentolite, etc. 


d, = critical diameter or minimum propagation diameter. 


large diameter underwater blasting at Iron 
Ore Company of Canada’s Knob Lake 
operation (patents applied for). The success 
of these explosives brings out strikingly the 
importance of pressure and density on the 
products of detonation. Table 12.21 gives 
the computed explosion properties of three 
dry versus water soaked (slurry) mixtures 
at AN/TNT ratios of zero, 1.0 and 3.25. It 
is of interest to note that the computed 
(dry basis) available energy A of the TNT- 
water slurry with 27 per cent water was 17 
per cent greater and the explosion pressure 
57 per cent greater than for the correspond- 
ing dry, low density TNT. Likewise at 
AN/TNT = 1.0 the dry basis A was 5 per 
cent higher and р; 56 per cent higher for 
the slurry than for the corresponding dry 
mixture. Thus, despite the heat loss in 
vaporization of the large percentages of 
water required for slurrying, the increased 
energy due to pressuring of the various 
equilibria more than offsets the loss of 
energy due to vaporization of water. This 
effect, of course, diminishes as the composi- 
tion approaches the oxygen balanced mix- 
ture because the pressure insensitive equi- 
libria become increasingly important and 
dissociation of НзО &nd СО; less important 
as the AN/TNT ratio is increased. The two 
opposing factors (pressuring and vaporiza- 
tion) about balance each other at the ratio 
AN/TNT - 1.5, and at 3.5 to 4.0 for this 
ratio, which is the maximum at which 
propagation is possible at 4 « d « 10 inches, 
the vaporization factor is about 8 to 10 per 
cent greater than the pressuring factor. 
Consistent with the computed explosion 
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properties of the AN-TNT slurry mixtures 
with coarse TNT in the particle size range 
from 4 to 20 mesh one may realize consider- 
ably smaller critical diameters and higher 
minimum booster (M.B.) sensitivity for the 
slurry mixtures than for the corresponding 
dry mixtures. This is illustrated in Table 
12.22 for pure TNT, and in Table 12.23 for 
AN-TNT slurry mixtures of maximum 
sensitivity (smallest critical diameter and 
minimum booster). The upper limit of the 
AN/TNT ratio in AN-TNT slurries still 
capable of propagating in charge diameters 
below 9 inches using the powerful 2 inch 
diameter — 160g-50/50 cast Pentolite booster 
is about 4.0 if one employs TNT of optimum 
particle size (10 to 14 mesh) (Table 12.24). 
However, it is only 1.6 for AN-TNT-water 
slurries made with fine granular (—35 mesh) 
TNT. Moreover, the critical diameter does 
not fall below 5 inches in AN-TNT-water 
slurries at any AN/TNT ratio if the fine 
granular TNT (—35 mesh) is used. The 
slurry and dry mixtures made with coarse 
TNT and prill AN have the same d, and 
М.В. sensitivity at about 3.5 for the 
AN/TNT ratio. It is of further interest that 
the sensitivity of the AN-coarse TNT-water 
slurries does not depend strongly on the AN 
particle size and final water content. 

The relatively high sensitivity of the 
AN-coarse TNT-water slurries (compared 
with dry mixtures of the same AN/TNT 
ratio and TNT particle size) may be attrib- 
uted to the following factors: 

(1) When the total surface area/gram of 
the TNT is small less water or AN solution 
vaporizes during the period of reaction of 
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TABLE 12.23. AN SLURRIES or SMALL CRITICAL DIAMETERS 





AN: Type 
American Cyanamide Co. (Fine-Coarse) U. S. S. Prilled 

Per cent 25 21.5 43.8 45 50.5 55.6 31.5 42.4 59.3 
TNT: Typet 1 1 1 3 3 3 3 3 3 
Per cent 75 65.0 43.8 28.4 31.5 29.9 50.5 42.4 25.4 
Water 

Per cent 13.5 12.4 16.1 18 14.5 18.0 15.2 15.3 
Density (g/cc) 0.97 1.41 1.41 1.41 1.41 1.4 1.41 1.41 1.4 
М.В. 2-80Т | 1-20T | 1-20T | 1-20T | 1-20T | 1-40T | 1-20T 1-20T | 1-40T 
d, (inches) 2 1 1 2 1.75 3 1 1 3 
D (m/sec) 5000 5400 5950 5500 5150 


1 Coded in Table 12.22. 
1 Coded in Table 12.22. 


the TNT than when it is large. Therefore 
the quenching influence of vaporization of 
the liquid phase is less during the critical 
stages of reaction of the coarse TNT than 
for the fine TNT. TNT of small particle 
Size, of course, tends to react faster than 
when the particle size is large. It may be 
expected therefore that there will be an 
optimum particle size where the surface 
area/gram effect (which increases sensitivity 
as particle size increases) balances the 
reaction rate (k, Ё,/т\) effect (which 
decreases sensitivity as particle size in- 
сгеязез). Experimentally this optimum TNT 
particle size is 10 to 14 mesh in the AN- 
TNT-slurries. The absence of appreciable 
water content and AN-particle size effects 
on the minimum booster sensitivity and 
critical diameter shows clearly that the 
critical first stage reaction in the detonation 
of AN-coarse TNT-water involves simply 
the surface burning of the TNT. 

(2) The AN-coarse TNT-water slurries 
all detonate in the transient detonation 
region by the jumping detonation reaction 
described in Chapter 3. This allows for a 
much broader effective reaction zone and 
lower reaction rate (than would be possible 
otherwise) during the critical stage of for- 
mation and building of the detonation head. 
This is therefore a very important factor in 
the relatively high sensitivity of the AN- 
TNT-water slurries. 

It does not seem possible to develop water 
compatible, high AN explosives without 
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explosive sensitizers that have booster 
sensitivities as large and critical diameters 
as small as those obtained with AN-coarse 
TNT-water mixtures. However, the alumi- 
num-water reaction offers a possibility of 
developing water compatible, high AN 
explosive of much higher strength than the 
AN-coarse TNT-water slurries. Of course, 
one may realize the high strength of the 
aluminum-water reaction simply by in- 
corporating aluminum in the AN-TNT- 
water slurries. However, it is possible to 
employ AN-aluminum-water slurries with- 
out TNT. Studies of AN-aluminum-water 
mixtures carried out for Iron Ore Company 
of Canada have served to establish the 
limits of usefulness of these mixtures. In one 
series of tests AN (prill)-fine aluminum 
mixtures with various amounts of water 
were shot in 4 inch (d) — 24 inch (L) paper 
tubes with 1 inch (d) — 1 inch (Ё) pressed 
tetryl and 2 inch (d) — 2 inch (L) cast 
50/50 pentolite boosters, and the limits of 
water content established for complete 
detonation. The results are shown in Table 
12.25. Three factors shown in this table are 
of particular interest. (1) The maximum 
sensitivity occurred at 8 + 2 per cent water. 
(2) AN (prill)-fine aluminum mixtures 
without water could not be detonated in the 
4 inch charges even with the powerful 2 
inch-160g P booster. (3) The upper limit of 
the water content for detonation with the 
2 inch-160g P booster was 12 per cent for a 
fine aluminum content of 20 to 40 per cent. 
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TaBLE 12.25. LiurTs or WATER CONTENTS ОР 
AN-Al Mixtures DETONATING IN 4 INCH (d) 
x 24 1ncH (Г) CHARGEs (A) WITH THE 1” DIA., 
20g PREssED TETRYL BOOSTER, AND (B) WITH 
THE 2" pia., 160g Cast 50/50 “PENTOLITE” 
Booster. (WATER CONTENT IN PARTS PER 100 
Parts or Dry PowbpER) 


AN (prill) 60 70 [80 190 
Al (fine, explosive |40 30 |20 10 
grade) t 
(а) 1"-20g T booster 
Minimum water | 6 4 2 6 
for detonation 
Maximum water |10 10 12 8 
for detonation 
Density at mini- | 1.09 g/cc| 1.06 1.08 
mum water 
Density at maxi- | 1.23 1.06] 1.06 
mum water 
(b) 2”-160g P booster 
Minimum water | 4 3 1 
for detonation 
Maximum water |12 12 |12 110 
for detonation 
Density at mini- | 1.03 
mum water 
Density at maxi- | 1.20 1.06] 1.06 
mum water | 


| 
t Screen size—standard Tyler screens: 


Mesh sise 
—325 
— 200-325 
— 1004+200 
+100 


Percentage 


35 to 45 
10 to 15 
15 to 25 
20 to 30 
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Shots of various AN-aluminum-water 
mixtures in long 9 inch diameter charges 
using the 2 inch-160g P booster showed that 
slurries of densities in the range 1.5 to 1.8 
g/cc could be detonated if the water content 
was in the range 8 to 12 per cent. Moreover 
with fine aluminum detonations were ob- 
tained in long 9 inch diameter charges with 
water contents as high as 15 per cent. How- 
ever, studies showed that the success of 
mixtures of this type would depend upon 
controlling the water content at 8 to 12 per 
cent and the use of 20 to 40 per cent fine 
aluminum (without the use of coarse TNT). 
The solution to the problem of maintaining 
the water content in the proper range for 
these AN-aluminum-water slurries in water 
filled holes appears to be to pour blended AN 
and aluminum mixtures of proper particle 
size distribution into the borehole after 
dissolving enough AN in the water to retard 
the further solution of AN sufficiently to 
allow the mixture to settle before dissolving. 
Table 12.26 shows results obtained in 
studies in which various dry mixtures were 
poured into 50 per cent AN solutions. All of 
these mixtures of water content less than 12 
per cent should be suitable for use in large 
diameter underwater blasting except in 
boreholes in which the borehole is making 


TABLE 12.26. FINAL DENSITY AND WATER CONTENT ог Vanious АМ-А!-СолвзЕ TNT MIXTURES 
PounRED INTO 50/50 AN-WATER 


Dry Mixture: 
AN (prill) 
AN (fine) 
Al (coarse)ft 
Al (fine) 
Final density 
Final water content (Per 
cent) 
Dry Mixture: 
AN (prill) 
AN (fine) 
Al (coarse) 
Al (fine) 
TNT (Code 2, Table 
12.22) 
Final density 
Final water content (Per 
cent) 


1 834 Aluminum-particle size —4+10 mesh. 
1 Screen analysis in Table 12.25. 
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40 150 [60 |15 |20 |25 10 20 
15 |20 |25 10 420 
60 |0 |40 170 60 50 50 мо [30 
50 |40 [30 
1.60] 1.53, 1.52) 1.57| 1.56) 1.55] 1.99) 1.76 1.72 
17.0 |16.5 |15.4 [20.0 17.0 [15.0 116.3 |13.9 10.6 
20 мю |20 40 15 |15 |20 |25 
20 20 15 |15 № |25 
25 125 |20 20 2 2 |15 10 50 
25 |25 |20 |20 |25 2 15 10 
10 0 20 |20 м |30 130 |30 50 
1.68| 1.70] 1.59) 1.67| 1.64) 1.61 1.60) 1.58 1.42 
10.8 13.2 | 9.9 12.9 | 8.1 [10.1 110.8 110.8 |22.0 
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water rapidly, e.g., the AN in mixtures of slowly that they remain practically un- 
this type diffuses upward in a borehole so changed for days. 


References 
(1) Beyling, C., and Drekopf, K., ‘‘Sprengstoffe (3) Howarth, J. T., and Turner, W. Е. 8., J. Soc. 
and Zündmittel,'" Berlin, Springer, 1936. Glass Tech., 14, 394 (1930). 


(4) “U.S. Army Technical Manual 9-1910” and 
(2) Cook, M. A. and Talbot, E. L., Ind. Eng. «U.S. Air Force Technical Order 11A-1-34,” 


Chem., 48, 1098 (1951). Washington, D.C., 14 April 1955. 


Google 


CHAPTER 13 


SHOCK WAVES IN GASEOUS AND CONDENSED MEDIA 


The mechanism of the formation and pro- 
pagation of shock waves in air and water 
has received considerable attention as also 
has the damage potential of such waves. 
Much less is known, however, concerning 
shock waves propagated in solids, at least 
at close range, although seismic disturbances 
at long range from a source have received a 
good deal of study. In this chapter a brief 
outline of the information available on air 
and water shock waves is presented, together 
with considerations of the mechanism of for- 
mation of shock waves in air and water and 
the initiation of detonation by underwater 
shock waves. In addition, some principles 
of shock waves in solid media of importance 
in commercial blasting are discussed. In the 
next chapter the destructive potential of 
blast waves and their propagation at long 
range in air and ground are discussed. 

The initial ‘shock’ wave in air from a de- 
tonation has apparently only a very short 
life, being superceded or swallowed up by 
another more energetic one after propaga- 
tion of only a few diameters from the charge. 
The wave that finally emerges from the ex- 
panding gas cloud comprising the products 
of detonation is, moreover, quite different 
than the initial shock; while it has a much 
lower peak pressure, it is much broader and 
much more energetic. Payman,” recognizing 
the vast difference between these two dis- 
turbances, referred to the initial one as the 
shock wave and the latter as the pressure 
wave. Let us consider first the initial shock. 

Savitt and Stresau,® using the miniature- 
charge technique mentioned in Chapter 2, 
determined the velocity decay of plane-wave 
air ‘shocks’ propagated in a 0.15-in. i.d. tube 
over distances ranging from 0.1 in. to 10 in. 
The explosives they considered were lead 
azide, lead styphnate, mercury fulminate, 
RDX, PETN, tetryl, and TNT. They 
showed first that the air shock velocity V* 
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at a given distance increased with charge 
length in lead azide for lengths of 0.05 to05 
in. or between 14 d and 3.3 d. V* from the 
azide pressed at 64,000 psi stabilized at about 
0.4 in. or 2.7 d, but for lead azide pressed at 
4,000 psi it stabilized at the same value as 
that for azide pressed at 64,000 psi, at 
L = 0.5 in. or 3.3 d. They also found that 
the log of the air shock velocity in the 
0.15-in. column varied linearly with log S, 
where S is the distance from the charge. This 
result may be expressed by the equation 
y* = yrs (13.1) 

where И? is here the shock velocity at 1 in. 
from the end of the charge and b an empiri- 
cal constant dependent only on the explosive 
(for the charges of fixed size and density). 
Table 13.1 gives values computed from the 
data of Savitt and Stresau of УТ and b for 
S in inches and V* in millimeters per micro- 
second. The data show that b is quite in- 
sensitive to the nature of the explosive, and 
V* is only moderately sensitive to the type 
of explosive fired. Of considerable interest 
is the fact that the V* versus S results for 
65/35 tetrytol and 60 per cent straight 
dynamite, plotted in Figure 8.16, follow also 
the equation 

V* = Ум (S/d)-*:« (13.12) 
where V1, is here the shock velocity parallel 
to the charge axis at one charge diameter 
from the end of the charge. Of further in- 
terest is the coincidence that in the 2-in.- 
diameter unconfined charges shown in Fig- 
ure 8.16, one can replace У by the VT 
value found for PETN and tetryl by Savitt 
and Stresau in the 0.15-in. confined charges. 
In other words, the confinement of the shock 
wave from these 0.15-in. confined charges in 
a 0.15-in. confined air column allows the 
same absolute wave-speed attenuation as 
from the ends of the 2-in. charges of Figure 
8.16 fired unconfined. 
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Figure 8.16 illustrates a significant factor 
regarding the initial ‘shock’ propagation men- 
tioned above, namely that, after a certain 
distance from the end of the charge, the de- 
caying shock is overtaken by the expanding 
hot gas cloud of detonation products. As 
mentioned in Chapter 5, this may readily be 
seen in high-speed color photography; one 
observes in the blast contours a smooth, 
high-temperature (bluish-white) shock front 
only over a distance of about 2d behind the 
detonation front, but at greater distances 
the brownish products of detonation may be 
seen to emerge from behind the shock front 
(and obliterate it) somewhat irregularly, i.e., 
in a billowing fashion. 

Savitt and Stresau pointed out that the 
small slope of the log V* versus log S curve, 
or the exponent b in Equation (13.1) (b = 
0.12 to 0.15) showed the initial shock wave 
to be effectively а supported rather than ап 
unsupported wave. That is, as shown by 
Courant and Friedrichs,” the pressure in an 
unsupported, plane shock wave should de- 
cay at But V* varies аз p'", and there- 
fore V* should decay as ("^ or as S ^. 
Hence, if the shock waves studied by Savitt 
and Stresau had been unsupported, b in 
Equation (13.1) should have been l4. In- 
deed, the fact that b was less than one-half 
the value for an unsupported shock shows 
that the initial (plane) shock wave in their 
experiment was really quite strongly sup- 
ported. The shock waves from the uncon- 
fined charges, the V* versus S relations of 
which are depicted in Figure 8.16, were not 
plane but curved, and hence divergent. If 
they had been unsupported, therefore, b 
would have been even greater than 14. 
(The ‘initial shock wave’ is really the plasma 
described in Chapter 7; perhaps it does not 
have shock wave character at all—at least it 
is nearly shockless). 

Study of the blast contours of high explo- 
sives provides V*(S) data for the lateral 
initial ‘shock’ wave during its lifetime, 1.е., 
in the interval between its creation and 
obliteration by the oncoming pressure wave. 
It is known that the actual particle-velocity 
vector of the initial lateral shock wave is 
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TABLE 13.1. Constants ог Equation (13.1) 
FOR 0.15-1N. CONFINED CHARGES IN MEASURE- 
MENTS BY SAVITT AND STRESAU (APPLICABLE 
FOR 0.1 in. < S < 10 in.) 











explosives | Secondary explosives 
Explosive 

Log š | Log 

v b | Explosive ; V b 


1 


1 
[i 





RDX 00.8310.14 
PETN 10.800.13 
Tetryl |0.800.14 
TNT 0.760.12 


| 
Lead styphnate 0.63/0.15 
Mercury fulminate — |0.60,0.13 
Lead azide 0.59.0.12 








not quite perpendicular to the charge axis in 
the case of a cylindrical charge, but some 
what in the forward direction. Let us con- 
sider, however, only the perpendicular 
component У*(5). Keyes: 2. Ref. ат meas- 
ured the blast contour angle 0 which he de- 
fined as twice the angle between the inter- 
section of a plane tangent to the contour and 
the longitudinal axis of the charge. From the 
measured angles @ and velocity D, one can 
compute У*(5) at апу desired distance from 
the point of origin to the distance S, per- 
pendicular to the charge axis by the equation 


Vi(S) = D tan (6/2) (13.2) 


That is, the direction of the tangent plane 
is determined by the fact that an element 
of the front is following behind a plane 
parallel to and moving with the axial de- 
tonation front at a velocity D, and is at the 
same time moving laterally at any instant 
at velocity Vt . The triangle formed by the 
vectors Dit, V 5t, and (D — Y *)8t has the 
shape determined by Equation (13.2) and 
the fact that D is perpendicular to V*. 
Table 13.2 presents results of V* computed 
from Equation 13.2 for several explosives 
at distances zero (У*(0)) and 1d (У*(14)) 
behind the wave front. The distances S,, 
which are the more fundamental ones in de- 
termining the-V*(S,) curve, are also listed 
in Table 13.2. While this method of deter- 
mining У*(5,) is not as accurate as, e.g., 
pin-oscillograph measurements, the results 
of analyses of single contours at several 
values of S, (distance from wave front 
parallel to charge axis) indicate that Equa- 
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TABLE 13.2. COMPONENT oF Вноск Vevocity V* PERPENDICULAR TO CHARGE AXIS IN 
STEADY-STATE DETONATION FROM BLAST-CONTOUR MEASUREMENTS 


Explosive (g/cc) (де) 
TNT 0.88 4.60 00 
1.13 5.43 96 
1.13 5.43 96 
1.24 5.77 89 
1.33 6.14 87 
1.57 6.85 87 
0.88 4.60 93 
1.13 5.43 100 
1.24 5.77 97 
1.33 6.13 91 
1.57 6.85 87 
Tetryl 1.4 6.89 
50/50 ‘‘Pentolite”’ 1.63 7.43 
1.63 7.43 
Component Bt 1.7 7.80 
1.7 7.8 
80/20 Tritonal 1.75 6.7 
1.75 6.7 


8 


75/25 Component В- | 1.77 
Alt 





y; (14)/ 
у, ©) 


© | ma 
(mm/usec)| (des 


s 
y, (1d) 


si 
(пат /изес) 


б 
Be 


5.5 
6.0 
6.0 
5.7 
5.8 





— 


0.89 
0.90 
0.78 
0.84 
0.86 
0.74 
0.80 
0.72 
0.72 
0.76 


отоо оо чәчә En з 


— 


‚ожо BO Со оо i о i» OO 


чавкзаввЕ 8 
а а OU 
бо M M4 € 00 о 00 М № о 


ка һа 
о о 


0.84 


0.75 
0.74 


0.80 
0.75 


0.85 
0.79 


0.84 


f In propane V1 was constant at 5.6 mm/y sec (9 = 72°). 
1 In propane Vi was constant at 5.1 mm/psec (6 = 70°). 


tion (13.1a) applies to the initial lateral air 
shock wave as well as to the initial forward 
air shock wave. S‘, is here distance (perpendic- 
ular to the charge axis) behind the wave front. 
The data in the columns headed Sj and 
S, in Table 13.2 represent corresponding 
pairs of S, and Sj values from which one 


TABLE 13.3. THERMOHYDRODYNAMIC DATA 
FOR Ав Вноск (AFTER BECKER) 


ve 

renin} nim | (E | vdd | velocity 

(mm/sec) | (mm/ysec) 

2 1.63 336 0.175 0.452 

5 2.84 482 0.452 0.698 

10 3.88 705 0.725 0.978 
50 6.04 2, 260 1.795 2.15 
100 7.66 3, 860 2.59 3.02 
500 11.15 12, 200 5.98 6.57 
1,000 14.30 19, 100 8.56 9.21 
2,000 18.80 29,000 12.21 12.90 
3,000 22.30 36, 700 15.05 15.75 


may determine average lateral expansion 
velocities in the interval illustrated. How- 
ever, (Vi) is generally somewhat larger for 
the forward shock than for the lateral one, 
and b in Equation 13.1 is apparently also 
slightly larger for the forward than the lat- 
eral air shock. The initial air shock velocity 
(at about 0.1 in. to 0.3 in. from the end of 
the charge) in the forward direction is 
usually about 1.15 to 1.25 times greater 
than for the perpendicular component of the 
lateral shock Vi at the same distance. 


Formation of Pressure Wave 


It is worthwhile at this point to relate the 
pressure rise in the front of an air ‘shock’ 
wave to the point at which the initial air 
shock wave from unconfined charges is 
obliterated by the emerging gas cloud of 
products of detonation. Table 13.3 presents 
some selected thermohydrodynamic data 
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computed by Becker™:- 4. Bef. 1 for air shocks 
relating, among other quantities, the veloc- 
ity V* to the pressure rise in the shock front. 

Now, as shown in Figure 8.16, the hot gas 
cloud has an initial velocity not much higher 
than 2Wc-;. In fact, in unpublished data 
obtained by the author by extrapolating 
measurements of the gas-cloud velocity of 
dynamites at various distance from the end 
of the charge back to zero distance, the ex- 
trapolated values average approximately 
2Wc-;. But the velocity of the front of the 
hot gas cloud effective in producing initiation 
over air gaps, designated in Figure 8.16 
as V*, may be seen to accelerate very rap- 
idly initially and to reach its maximum value 
at about 2d to 3d. 7* then decays slowly for 
greater values, reaching approximately the 
air sound velocity С, at 20d to 50d. The 
initial increase in the hot gas-cloud expan- 
Sion is to be expected from Bernoulli's equa- 
tion, Equation (10.18), owing to the rapid 
change from potential-energy density (p) 
to kinetic-energy density (3pU?) when the 
gas-cloud pressure is high. 

Owing to its high initial pressure, the 
initial air ‘shock’ can at first outrun the hot 
gas cloud. On the other hand, its pressure at 
V$ = 9.2 mm/usec is 10° atm. But р in the 
gas cloud is then about 10° atm, i.e., 10° 
times greater. Moreover, as long as the hot 
gas cloud has a pressure in excess of that 
in the air shock wave, it must continue to 
reinforce the air shock by subsequent shock 
components that also outrun the gas cloud. 
That is, the supported air shock has a flat 
pressure region between the wave front and 
а point immediately in front of the hot gas 
cloud where p begins an exponential rise to 
the pressure in the hot gas cloud. This is 
the characteristic p(x) contour for any pis- 
tonlike, supported shock. But at the point 
where the pressure in the gas cloud drops 
far enough below the pressure rise in the air 
Shock front, the air shock will then move 
out unsupported. Evidently before this hap- 
pens, however, the hot gases are able to 
overtake the shock front. This happens at 
about 2d to 3d from the end of a charge, as 
shown in Figure 8.16 for the forward com- 
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ponent and by high-speed, color, blast- 
contour photographs for the lateral com- 
ponent in cylindrical charges (Chapter 5). 

Let us assume that the hot gases in the 
early stages undergo primarily cylindrical 
expansion laterally. Then the gases at 2d be- 
hind the wave front will have a specific 
volume; [(S, + ri) /ril' or about 25 v, ,and а 
pressure of about nRT/25v. For instance 
for Composition B at pı = 1.7, the average 
gas-cloud pressure would then be about 350 
atm. At this pressure V* will be about 5.5 
mm/ysec, as shown by data in Table 13.3. 
This corresponds actually to the observed 
shock velocity at this point. From then on, 
however, р in a uniformly expanding gas 
cloud will still vary about as 57° [see Equa- 
tion (13.98) below]. But V* for the air shock 
varies as shown above as S ! to S ! It is 
thus clear (1) that the gas cloud must even- 
tually overtake and obliterate the initial 
shock (as observed) and (2) that, after over- 
taking it, а new wave of an entirely differ- 
ent nature must then form. 

As seen above, the initial air shock is one 
that has a greater velocity than the ex- 
pansion velocity of the hot gases, and the 
initial shock front thus separates temporarily 
from the hot gases. Eventually, the hot gases 
overtake and destroy the initial shock. But 
when this happens it is no longer possible 
to radiate shocks into air from the hot gases 
because the pressure in the gas cloud is be- 
low the value for which V* can equal the 
Bernoulli speed V* of the expanding gas 
cloud. One has then, and until V* drops 
nearly to the velocity of sound in air which 
it will do only when р in the gas cloud goes 
to about 1 atm, to consider only the mechani- 
cal piling up of atmospheric gases in front 
of the expanding hot gases. At no time dur- 
ing this build-up period of the pressure wave 
will the pulse be а true, unsupported shock 
or even have characteristics of ordinary un- 
supported shocks. The limit of hot-gas ex- 
pansion S4 should be approximately S4 = 
(30./4)"'°, where v, is the specific volume at 
ps = 1 atm. (The pressure in the atmospheric 
gases ahead of the hot gaseous products will, 
however, be higher than 1 atm at the point 
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Рог а charge of mass М in КПодташ.а using 
M as dimensionless: therefore, one obtains 


Е. = ЕМ, and 
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It is then only necessary to know the laws 
of propagation of this air pressure wave to 
predict its intensity at any distance from 
the charge. 


Propagation of the Pressure Wave in Air 


Now the energy density є in the pressure 
wave will, in first approximation. vary in- 
versely as the square of the distance, i.e., 
as S ^. In terms of в and S, therefore, one 


has for e 


ato 


e= MESS 


= MrRT,4rS°; $ > 5, 137; 


To relate the shock-wave pressure to e. one 
must, of course, know the shape of the 
рё, Su contour, where à is the distance 
from the wave front to any point in the 
wave at any in-tant. If one writes for the 
pressure difference ж! = pressure in shock 
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perhaps il. as in underwater shock waves, 





and e» are empires] constants. Ву analogy 
between Equations 0.134. 13.9. and 


(13.10 . therefore. one night express re and 
I ior the pressure wave generated by explo- 
sives in air by the equation 

za = 67 МАРТ, Ж" 13; 
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These equations. of course, a 
distances beyond S4. 

Equations (13.7, (13.9 . and (13.10. are 
identical in form with conventional (under- 
water shock-wave equations for e, ra. and 
I, but they replace the explosive weight 
term by the dennite predicted maximum- 
available-energy term 


"3 


tyr 
А = =] ра: 
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= МЕТ, 


for air blast. This predicts that the blast or 
pressure wave in air should carry away about 
one-fifth of the heat of explosion in a shot 
made at heights far enough above ground 
that no appreviable shock is transmitted 
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TABLE 13.4. CONSTANTS OF (PEAK) AIR Buast-PRESSURE EQUATION OF STONER AND 
BLEAKNEY (FOR xm IN ATM) AND PEAK PRESSURE AT SEVERAL VALUES OF Z 


Explosive Charge 


TNT 
TNT 
50/50 ‘‘Pentolite”’ 


0.5 lb (rectangular) 
4.0 Ib (cylinders) 
8.0 Ib (cylinders) 


тт (atm) 
a b c:107* 
2-1} 2 = 10 | 2 = 100 
13.50 769.9] 3.628 | 3.55-104} 29.9 0.094 
11.34 185.9] 1.921 | 1.9-10¢ 18.5 0.114 
10.49 135.5) 2.107 | 2.1-10¢ 20.7 0.112 
8.63 | — 295.1) 0.7823 | 0.81.10*| 11.9 0.124 


50/50 ‘‘Pentolite”’ 3.75 lb (spheres) 


t S4 corresponds to about Z = 12 for a spherical charge of TNT and about 13 for ‘‘Pentolite.”’ 


into the ground. For shots made directly 
on the surface, one might thus expect the 
total air shock-wave energy to be somewhat 
less than Q/5. 

Stoner and Bleakney' studied air blast 
waves from TNT and 50/50 "'Pentolite" 
and found that the peak pressure followed 
the equation 


T» = 0/2 — 6/23 + c/Z! (13.9b) 


where a, b, and c are constants and Z, which 
is given by S/10(M)*” for S in centimeters, 
is а dimensionless scale factor. The constants 
of Equation (13.9b) determined by Stoner 
and Bleakney for х„ in atmospheres are 
given in Table 13.4. The results in Table 13.4 
show a large dependence of blast pressure on 
charge shape during the initial stages where 
the third term in Equation (13.9b) is im- 
portant. This is, of course, expected. 

The observations of Stoner and Bleakney 
are in qualitative agreement with the above 
simplified model of the pressure wave. Thus 
at small Z one expects from the above model 
that x, wil vary as р or as 27°, i.e., cor- 
responding approximately to uniform expan- 
sion of the hot gas cloud. Note, e.g., that the 
application of Equation (13.9b) at Z < 2 
does not give a pressure corresponding to 
that of the initial air shock (rm < 10° atm). 
Since Z = 0.62 at the surface of a spherical 
charge, it is evident, moreover, that Equa- 
tion (13.9b) gives Tm ~ p; (within a factor 
of about two) as required. Hence at close 
range the equation applies clearly to the hot 
gas cloud, as it should, and not to the 
initial air ‘shock’ wave, or the plasma. 

At long range (above about Z = 50) v, 
varies nearly linearly with Z !, the second 


Google 


and last terms effectively compensating or 
being negligible in this region. This result 
simply requires c, in Equation (13.9a) to be 
approximately unity, as expected. In the 
range of 10 < Z < 50 the pressure wave 
will be in the stages from final formation to 
transition from the characteristics imposed 
by the explosive to those imposed by the 
atmosphere. It is this transient stage that 
requires the term in Z ? of Equation (13.9b). 


Underwater Explosions 


The formation and propagation of under- 
water shock waves generated by high ex- 
plosives is discussed thoroughly by Cole.’ 
The underwater wave characteristics at a 
distance S from the explosive were shown in 
extensive investigations primarily at Under- 
water Explosives Research Laboratory, 
Woods Hole, and in Great Britain, discussed 
by Cole, to follow, in general, the equations 


e = aıM!(M13/8)% (13.11) 
І = ВМ (Миз/ 8): (13.12) 
Pm = yi(M49/S) (13.13) 


where o; , аз, Ви , B» , у: , and y» are empirical 
constants differing from one explosive to 
another. Values of these constants given by 
Cole for TNT (p = 1.52), loose tetryl 
(pı = 0.93), and 50/50 “‘Pentolite” (p, = 1.6) 
are given in Table 13.5. These results were 
based on experimental determinations of the 
p(t) curves measured over wide ranges of 
distances and charge sizes, using the follow- 
ing empirical form' for the pressure-time 
curve at a given distance S, 


р = pae и 
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TABLE 13.5. CONSTANTS оғ UNDERWATER SHOCK-Wave Equations (13.11) то (13.13) GiveN 
BY CoLe ғов TNT, TETRYL, AND 50/50 “‘PENTOLITE”’ (rog У/ктонт M iN PouNps 
AND DISTANCE S IN FEET—GIVES є IN IN.-LB/IN.!; pa IN PSI; Г IN LB-8EC/IN.*) 


Explosive т rt aı:10 
TNT 1.52 6.701 2.41 
Tetryl 0.93 5.06 3.00 
“Pentolite” 1.6 6.70 3.27 


«з В. в: Ti10* тз 

2.05 1.46 0.89 2.16 1.13 
2.10 1.73 0.98 2.14 1.15 
2.12 2.18 1.05 2.25 1.13 


f Upper-limit time used т integration of p(t) curve; 0 time for p to fall to р„/е. 


and the hydrodynamic equations! 
0! = — (ð In p/dt) =o 
= (ð ln р„/9()з — W (pð п p/p:9S), 


| 
1 - [ (8,04 


and 


1 t! 1 g t 
є = — | рй + al p(t) pit’) dt’ dt 
pic t(8) pS (8) t(8) 


Methods of measuring the p(T, Sı) curve 
by crusher gauges, diaphragm gauges, and 
piezoelectric gauges are thoroughly discussed 
by Cole. Another interesting method is the 
use of a 16- to 64-frame/sec camera to 
measure the free surface velocity produced 
by the shock wave at the surface. One may 
then obtain р„(5) data by varying the 
depth of the charge. This method was em- 
ployed by the author in unpublished studies 
made prior to 1947. The particle velocity W 
is related to the vertical component of the 
free surface velocity V,, at the surface of 
the body of water in which the explosive is 
detonated by the equation 


У,, = 2W cos a (13.14) 


where a is the angle of incidence of the shock 
wave at the surface measured from the 
vertical, and W is the particle velocity at 
this point. From pm = (p2 — р) = рУ, 
where V* = С, + W, one thus obtains 


Pm = р\(С, + Vj,/2 cos a)Vj,/2 cos а (13.15) 


С, being here the sound velocity in water. 
At long range one finds W << C, , and Equa- 


tion (13.15) then reduces to the equation 
Pm = oiCiV,,/2 cos a (13.16) 


This method was applied recently by the 
author to determine the underwater pres- 
sure-distance curve in the 45-ton TNT 
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underwater shot of November, 1953, at 
Sevier Reservoir, Utah, scaled to the Bakini 
“Test Baker”. By taking а in Equation 
13.16 to be яп-! Vs/V* where V, is the 
(theoretical) horizontal component of the 
shock velocity and V* the radial component 
the following results were computed from 
the first 20 frames of a “Казах” camera 
sequence of the “spall dome" taken of the 
shot at 10? frames per second. 


di dit) mic. У Эрч 
0 11.1 1000 185 
20 22.9 500 0.5 85 
60 61.0 100 0.6 13.5 
100 100 40 0.65 5.8 
200 200 10 0.7 1.6 


S, = horizontal distance from point on the sur- 
face immediately above shot, S = actual distance 
from shot. 

О, = У, tan В = vertical component of the 
spray dome velocity and В is the angle the spray 
dome makes at its outer edge with the quiescent 
surface. 


The Waterways Experiment Station meas- 
ured with sensitive underwater piezoelectric 
pressure gauges the value 3550 psi at S, = 
138.2 ft. and 2400 psi at S, = 184.6 ft. in 
excellent agreement with the curve drawn 
from the above data. Figure 13.1 shows a 
photograph of this 45-ton TNT blast (taken 
from a distance of one mile) at a time 600 
msec. after the spall dome first appeared. 
This is a striking photograph revealing 
many of the features of this blast, the pri- 
mary purpose of which was to study the 
base surge first observed in the Bakini under- 
water atomic explosion. 

Underwater explosions produce multiple 
shocks owing to oscillations of the gas bub- 
ble. About half of the (underwater) maxi- 
mum available energy A is radiated in the 
initial shock wave. Measured values of total 
shock-wave energy (4x S*e) at 10 to 25 charge 
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Figure 13.1. Photograph of Plume from 45-ton TNT Shot Geometrically Scaled to ‘‘Test Baker” in 
24 ft. of Water at Sevier Reservoir, Utah, November, 1953, at 600 msec. Following Initial Surface Mani- 


festation—Camera One Mile from Shot. 


radii from TNT shots showed total energies 
from 255 to 244 cal/g, respectively. But 
theoretical caleulations discussed by Cole 
showed that at one charge-radius distance 
from a spherical charge the total shock- 
wave energy should have been 560 cal/g for 
TNT. The dissipation of energy in propagat- 
ing underwater shock waves is thus quite 
large, particularly at small distances or at 
high shock-wave pressure. This lost energy 
should show up as heat in the water trav- 
ersed by the shock. The peak pressure of the 
underwater shock wave falls very rapidly 
at close range, and in this range considerable 
energy is dissipated. For instance, the shock 
velocity V* was observed to fall from 5,710 
m/sec at S — d/2 to 1,865 m/sec at S — 
5.33 4/2 for ''Pentolite," p, falling from 
more than 70 kilobars at S — d/2 to 3.7 
kilobars at S = 5.33 d/2. 

One may obtain some idea of the period 
and region of formation of the primary un- 
derwater shock wave by reference to the 
maximum available work function A. For 
example, for TNT at p; — 1.59 the energy 
А = 560 cal/g would be transferred from the 
hot gases to the burden in reversible adia- 
batic expansion from v, to only about 2. 
Therefore, the gas bubble-water interface in 
the underwater detonation of TNT would 
need to expand only one-fourth of the charge 


Google 


radius (from an initial value of one to a final 
value of five-fourths charge radii) to transfer 
half of the heat of explosion Q to water in 
the form of kinetic energy (particle velocity 
in the shock wave). The initial water shock 
wave, in other words, must separate from 
the influence of the expanding gas cloud, i.e., 
it becomes effectively unsupported, after the 
gases have expanded to about double their 
volume, or to five-fourths the radius of the 
original explosive. Since during this period 
the expansion velocity would average at 
least 1 mm/usec, it should require only 
about 1.25d usec (for diameter in centi- 
meters) completely to form the primary or 
initial underwater shock wave. The shock 
front would have traveled only about 0.75d 
or 1.5 charge radii in this period. Therefore 
the primary shock wave must be formed in 
about the first 1.5 charge radii of travel, and 
beyond this radius it travels effectively un- 
supported. The period of formation and the 
propagation distance for formation are thus 
quite different for water than for air. This is, 
of course, due to the nearly one-thousand 
times greater density of water. 

Whereas in air all the available energy of 


the integral 
еу 
[ p dv 
vi 


330 


is used up in creating the pressure wave, 
namely about 0.2Q, in water only part of the 
available energy of this integral (A is about 
Q in this case) is used up in the creation of 
the primary shock wave. The primary under- 
water wave is like the initial air shock in the 
sense that it breaks away from the air bub- 
ble while the latter still has a very high 
pressure and available energy potential. 
Unlike the initial air shock, however, the 
primary underwater wave soon becomes un- 
supported, and far outruns the hot gas- 
expansion front. Moreover, the initial air 
‘shock’ never acquires more than a few tenths 
of 1 per cent as much energy as the primary 
underwater shock wave. Like the air explo- 
sion, however, the hot gases are able to 
create more waves than the initial one. There 
is some evidence, in fact, that a second 
underwater wave may form even in the tail 
of the primary wave. However, this may be 
considered merely as part of the primary 
wave. The continued hot gas expansion to 
atmospheric pressure (and below in the 
underwater case, perhaps also in air), how- 
ever, forms a second wave. But unlike the 
air blast, the second underwater wave is less 
intense than the primary one. This second 
underwater wave forms during the remain- 
ing expansion of the products of detonation 
again by the medium simply piling up on the 
gas bubble until the expansion of the latter 
is finally arrested. The secondary pulse is 
then radiated much like the pressure wave 
in air blast. The inertia of the medium at the 
gas bubble—water interface іп the formation 
of the first oscillating bubble pulse causes 
the product gases to expand to a specific 
volume v far above v, , indeed sometimes to a 
volume 10 to 100 times greater. But only 
part of the energy transferred from the gas 
bubble to the medium during this phase is 
radiated in & pressure wave; the remaining 
energy resides in the compressed water at 
the gas-bubble interface, eventually to re- 
compress the gas bubble to а pressure соп- 
siderably above atmospheric pressure. Hence 
several gas-bubble oscillations are possible, 
each of which radiates some fraction of the 
maximum available energy integral. These 
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gas-bubble oscillations, also discussed thor- 
oughly by Cole, can be eliminated by shoot- 
ing the charge near enough to the surface so 
that the air bubble escapes before it has & 
chance to oscillate. This consideration is im- 
portant, e.g., in seismic prospecting where 
one wishes to generate by the explosive the 
least complicated wave form possible in the 
propagating shock wave in order to simplify 
the interpretation respecting the influence of 
underground geological structures on the 
wave received at the seismograph. One need 
merely select carefully the level of the head 
of water in a water-tamped shot to eliminate 
the secondary shocks due to bubble oscilla- 
tions. 


Initiation of Detonation by Underwater 


Shocks 


Masayoshi pointed out that when the 
shock wave impinges upon an explosive the 
fraction 1/s of the energy А will go to raise 
the energy level of N molecules each by the 
amount A/sN. If A/sN is such as to supply 
the energy Е, — E, where E, is the activa- 
tion energy for decomposition (and E the 
initial energy), all N molecules will decom- 
pose. Then if N is also large enough to set 
up & shock of sufficient magnitude, detona- 
tion will result. Now in propagation of deto- 
nation by influence over air gaps, the limit- 
ing distance (or sensitiveness) lies always 
within the limit of expansion of the hot gas 
cloud of products of detonation. Hence A 
should depend on the energy density in the 
expanding products of detonation, or simply 
on the pressure. For any particular explosive 
the limiting range for initiation therefore 
should correspond simply to a critical pres- 
sure Pme, and one thereby derives the law 
S. = (MnRT.)'?/pil? = 5°М" [Equation 
(8.17)] for the sensitiveness. 

That initiation of detonation by under- 
water shocks (usually) follows a mechanism 
fundamentally different from air-gap sensi- 
tiveness is indicated by the following facts: 

(1) At the limiting distance for propaga- 
tion-by-influence the pressure in the air blast 
wave determining air-gap sensitiveness is, 
in general, only a small fraction of that in 
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the corresponding underwater wave deter- 
mining water-gap sensitiveness. 

(2) There is, in general, an appreciable 
time lag between collision incidence and 
detonation in underwater-shock initiation. 
In air-blast initiation, on the other hand, the 
time lag is very small relative to the initial 
shock arrival; except at the very limit of 
air-gap sensitiveness, as discussed in Chap- 
ter 8, the air-gap initiation usually takes 
place with zero induction lag at the instant 
of arrival of the hot gas wave. 

Sultanoff and Bailey! showed that (0.75- 
in.-square) 50/50 “Pentolite” charges deto- 
nated by influence over air gaps of 0.001 to 
0.05 in. with zero time lag, but over 0.1-in. 
to 1.5-in air gaps they detonated with a time 
lag (relative to the arrival of the initial air 
shock) of 0.4 to 4.0 usec (increasing with 
distance). The detonation at coincidence 
with the air shock at x, values above 14 
kilobars is of particular interest regarding 
shock initiation. On the other hand, for air- 
gap distances above 0.05 in. the results of 
Sultanoff and Bailey appear to confirm those 
depicted in Figure 8.16, if one takes into 
consideration the influence of charge size. 
The values of V* calculated from their data 
are given in Table 13.6 along with data 
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measured by them. Flash X-rays of the 
propagation-by-influence in. their investiga- 
tion showed detonation at S = 2.5 in. to 
start low order and later to go over to high 
order. Moreover, there was an indication of 
this effect in a streak-camera trace of the 
process at S = 1 in. presented by them. The 
maximum in the V*(S) curve in this case 
occurred at S = 1 in. or at 1.3d. It is prob- 
able that in this case initiation by the hot 
gas cloud itself involved a small apparent 
time lag for S > 1 in. owing to the initial 
low-order detonation which eventually 
changed to high order. In larger diameters 
and for S, much greater than 1.5 in., one 
usually observes а maximum at a slightly 
higher reduced distance, namely 2d to 3d. 
The work of these investigators thus shows 
that, both at very small air-gap distances 
and very large ones, even air blast initiation 
may involve shock initiation rather than 
hot-gas initiation. The sudden change in 
mechanism from shock initiation to normal 
hot-gas initiation is strikingly evident in the 
discontinuity in V* at S between 0.05 and 
0.1 in. Moreover, the fact that V* then shows 
а maximum rules out pure shock initiation 
and verifies hot-gas initiation in the region 
above 0.05 in. 


TABLE 13.6. AVERAGE AIR-GAP INITIATION INDUCTION TIME DATA TAKEN FROM 
SULTANOFF AND BAILEY, AND V* COMPUTED BY THE AUTHOR 


Average devi- 


V* (from б 


Sn) | Gab | Gu) | ation from, — smooth | quo Los y: 
0.001 1 0 9.51 9.5 1.46 9.5 9.5 
0.003 1 0 9.47 1.455 9.5 
0.010 1 0 9.44 1.45 9.5 
0.050 1 0 9.30 1.405 9.4 9.4 
0.1 2 0.4 0.00 ! 9.2 9.1 1.355 9.3 3.77 
0.2 2 0.61 0.00 8.8 8.7 1.245 9.1 4.31 
0.25 2 1.41(?) 0.04 8.3 8.5 1.08 9.0 3.00(?) 
0.5 5 1.46 0.09 7.8 7.8 0.96 8.7 4.35 
0.75 4 1.77 0.20 6.4 7.2 0.64 8.4 4.72 
0.875 4 1.58 0.36 6.5 7.0 0.67 8.2 5.18 
1.0 4 1.74 0.09 6.8 6.8 0.73 8.0 5.18 
1.125 4 2.09 0.23 6.5 6.7 0.78 7.9 5.00 
1.25 5 3.05 0.93 6.4 6.6 0.65 7.7 4.42 
1.5 5 3.73 0.58 6.4 6.5 0.65 7.5 4.32 
1.75 (5Е) 


T т’ is here the average time lag for initiation after arrival of air shock (values of т, V*, and ть are 
averages). V* = S/[(S/Vav) + ri] obtaining the average shock velocity Vz, from a curve of V* versus S. 
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Underwater propagation - by - influence 
should involve the phenomena described in 
Chapter 8 for propagation through solid 
media, e.g., glass, steel, etc. It involves in- 
variably a time lag, toward the limit of 
propagation, of the order of milliseconds 
rather than microseconds, especially in such 
very sensitive explosives as the straight 
dynamites. This time lag is the period re- 
quired to form detonation via (intense) hot 
spots. Presumably one may apply Masa- 
yoshi’s concept, together with the laws of 
underwater shock-wave propagation, to pre- 
dict the sensitiveness in this type of initia- 
tion. The available energy А /8 or N(E4 — 
E) in Masayoshi's theory as applied in ini- 
tiation by the underwater shock wave is 
simply red? , where xd; is here the effective 
cross section of the explosive charge in inter- 
action by the shock wave. But the available 
energy per unit area is probably the impor- 
tant factor because (if the receptor is not too 
small in cross section) whether or not the 
explosive will detonate following impact by 
the underwater shock wave will depend not 
on the total probability of hot spots (i.e., the 
total area) but on the probability that a 
critical fraction N/N, of the molecules in, or 
& given distance beneath, the surface layer 
impacted by the wave will be brought to the 
point where adiabatic decomposition will 
take place. That is, the probability of form- 
ing suitable hot spots to initiate detonation 
should depend simply on the e defined by 
Equation (13.11) with appropriate o; and аз 
constants. Thus the application of the prin- 
ciple described by Masayoshi to pure shock- 
wave initiation should allow one to write for 


THE SCIENCE OF HIGH EXPLOSIVES 


the critical energy density e. for initiation 
є. = constant = a, MI (Mi3/8S,)« 


This gives, for the underwater-sensitiveness 
law, the result 


S, = SM e*niniea, (13.17) 


From the data in Table 13.5 one obtains for 
the exponent in Equation (13.18) the values 
0.496 for TNT, 0.492 for tetryl, and 0.492 
for 'Pentolite." These values are all close 
enough to 0.5 so that in practical consider- 
ations one may apparently write Equation 
(13.18) as follows: 


8. = StM* 5 (13.18) 


for underwater sensitiveness. Also the con- 
stant S; , the sensitiveness using а primer of 
unit mass, is given according to this theory 
by the equation 


$ = (a/e)? = (ams/e)!* (13.19) 


using (as above) 3 ' as the fraction of the 
shock-wave energy density є. effective in 
creating hot spots that can initiate detona- 
tion. There are no publications on under- 
water sensitiveness available to the author 
suitable for the evaluation of Equations 
(13.18) and (13.19). However, if the princi- 
ple discussed by Masayoshi applies in this 
case, it should be possible to estimate 
roughly absolute underwater sensitiveness 
from, for instance, impact sensitivity, or 
perhaps more accurately, by data on initia- 
tion through solid media, e.g., glass, steel. 
Table 13.7 gives available energy А. data 
corresponding to the critical or minimum 
energy of the fall hammer to produce explo- 
sion in impact sensitivity for a number of 


TABLE 13.7. CRITICAL ENERGY A, гов Impact INITIATION COMPUTED FROM DATA 
OBTAINED WITH PICATINNY ARSENAL AND BUREAU OF MINES 
Impact-SENSITIVITY METHODS“: 13, Ref. 4 


Explosive А, (cal/cm?) 
TNT (loose) 0.9 (2.6)f 
AN (>2.6) 
NG 0.6 (0.16) 
PETN 0.35 (0.4) 
Tetryl 0.47 (0.61) 
*'Haleite" (EDNA) 0.6 (1.0) 
RDX 0.47 (0.77) 
50/50 Amatol 0.72 (2.3) 


Explosive Ac (cal/cm!) 
50/50 ‘‘Pentolite’’ 0.77 (0.68) 
Composition B 0.77 (1.8) 
Torpex 0.48 (0.96) 
Composition C-4 1.2 (>2.6) 
Lead azide 0.29 (0.26) 
Mercury fulminate 0.12 (0.12) 
Diazodinitrophenol 0.12 (0.12) 
Tetrazene 0.12 (0.17) 


t First value from PA machine; value in ( ) from BM machine. 
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explosives computed from data given in 
Army TM 9-1910, app. I. The most sensitive 
explosives in Table 13.7, NG and primary 
explosives, may be exploded in impact with 
an energy of about 0.1 cal/cm’. Let us first 
consider NG, estimating a in Equation 
(13.11) to be 1.8 times that for TNT 
(since a, should be directly proportional 
to the maximum available energy), namely 
about 4.4-10° in the units of Table 13.5 
or about 23 when є is expressed in 
cal/cm’. This gives for NG (assuming a to 
be the same as in TNT) the theoretical 
underwater-sensitiveness result 


бе = 14 +7 ft-lb-°§ (13.19 NG) 


with values of S? from 12 (BM value of є.) 
to 20 (PA value of є.) ft-lb™™?. Equation 
(13.9 NG) is probably correct within the ex- 
perimental error of evaluation of S? by this 
method, namely a factor of about two. This 
is the basis for the error limit indicated. 
Actually є. might under some circumstances 
be even smaller than the РА impact method 
indicates. For example, Yoffe°- 2. Ret. 57 
found about 0.01 cal/cm for the critical 
impact energy of NG containing a trapped 
air bubble at atmospheric pressure. This 
value for є. would give S; the value 50 in- 
stead of 14, but the conditions for this value 
to obtain are perhaps somewhat improbable 
in normal underwater-shock initiation. That 
NG will propagate over gaps at least of the 
order of magnitude given by Equation 
(13.182) using S? for NG is well known. As a 
matter of fact, even such desensitized liquids 
as 85/15 NG-mononitrotoluene and NG- 
DNT-TNT mixtures (60 per cent NG) have 
been used extensively in shooting oil wells, 
particularly in the Bradford, Pennsylvania, 
district. There it has been customary to use 
deck loading, in which the explosive load is 
divided into multiple charges each separated 
by oil-well fluid in order to be able to shoot 
selected strata. Sometimes parts of the 
charge are separated by water or oil gaps of 
more than S; for NG. If the separation is 
considered too large, one uses loaded anchor, 
i.e., a long (usually) l-in. diameter cylindri- 
са] tube filled with liquid explosive, to con- 
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nect the separate main loads. But it is not 
uncommon to use simply common anchor in 
which the tube used to space the charge 
contains no explosive. Even with these de- 
sensitized NG charges, one does not hestiate 
to use common anchor in gaps of magnitude 
Se. Of course, primer charges are then 
greater in size than unit mass, and, more- 
over, the confinement of the borehole tends 
toward plane rather than spherical waves 
in this case, which will increase the sensi- 
tiveness-gap distance appreciably. 

Another example of the high underwater 
and mud sensitiveness of NG is the fact 
that ditching dynamites (e.g., 50 per cent 
straight dynamite) are usually propagated 
by influence over appreciable gaps in mud 
and water. The ground-propagation sensi- 
tiveness increases as the moisture content of 
the ground increases. If the ground is damp 
enough that it can be molded in the hand, 
“Blaster’s Handbook" recommends a spac- 
ing for propagation-by-influence of 18 in. for 
1-lb charges of 50 per cent ditching dyna- 
mite in each hole (2-cartridge hole) and 24 in. 
for 2 lb per hole. This, of course, allows for 
an adequate margin of safety in propagation- 
by-influence. Figure 13.2 shows a photograph 
of a ditching operation. 

Consider next the explosives that fall at 
the lower limit of the sensitivity indicated in 
Table 13.7. Loose TNT shows the lowest 
sensitivity for which actual A, data could be 
determined. In this case a; was 16 for е, in 
cal/cm*. Hence one obtains 


Se = 3 + 1.5 ft-Ib-i1 [13.19 TNT (loose)] 


Se being 2.5 using BM impact data and 4.2 
using PA impact data. This predicted sensi- 
tivity of fine-grained, loose TNT seems too 
large perhaps by а factor of three, but is 
probably at any rate of the correct order of 
magnitude. 

The least sensitive practical explosives are 
the cast explosives TNT and amatol and 
the non-NG, high-AN explosives, particu- 
larly those of high density. Such explosives 
do not, in general, detonate in normal im- 
pact-sensitivity tests. Minimum primer tests 
with inert materials between the primer and 
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the charge or in the primer indicate that cast 
TNT may involve a critical shock-initiation 
energy є. perhaps 10° to 10° times greater 
than for loose, fine-grained TNT. This means 
that S; for cast TNT may be only 0.1 to 0.03 
times as great as for loose, fine-grained TNT, 
giving 


S; = 0.2 + 0.1 ft-Ib-t (13.19 cast TNT) 


On the basis of unpublished data for 
propagation through glass and steel, one 
may assign S? values for 50/50 “Pentolite” 
about seven times greater than for cast 
TNT, and for Composition B about two to 
three times greater than for TNT. Hence for 
these explosives one estimates 


бе = 1.4 + 0.7 ft-lb-!/? 
бе = 0.5 + 0.3 #-1Ь-1° 


(13.19 "Pentolite") 
(13.19 Composition B) 


It should be recognized that these theoretical 
results for NG, TNT, *Pentolite," and 
Composition B are merely rough estimates 
based on the assumption that the critical 
energy density e. in the underwater shock 
wave may be about the same as in impact 
initiation. Qualitative evidence suggests, 
however, order of magnitude agreement be- 
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Figure 13.2. Ditching operation 
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tween the predicted results and qualitative 
results of underwater-sensitiveness observa- 
tions. While systematic, quantitative studies 
of underwater sensitiveness are needed to 
provide an evaluation of the theory of 
Masayoshi as applied to underwater sensi- 
tiveness, it appears that it may be approxi- 
mately correct and, moreover, that initiation 
may require the same critical energy irre- 
spective of the source of this energy (pro- 
vided it is delivered to the charge within а 
period of milliseconds or less, as in shock- 
wave and impact initiation). 


Shock-Wave Propagation in Solid Media 


The laws of shock-wave propagation in 
other media besides air and water are not 
well known, although considerable empirical 
knowledge is available as regards seismic 
waves at long range from the source of the 
wave. Presumably the same fundamental 
laws apply in solid media as in water and air 
except for the special effects of compression, 
shear and tensile strengths and high density, 
all of which have an important bearing on 
the shock-decay laws, the wave form, etc., 
in rock and other solid media. А thorough 





SHOCK WAVES IN GASEOUS AND CONDENSED MEDIA 


discussion of the formation and propagation 
of shock waves in solids is beyond the scope 
of this book. Discussion will therefore be 
limited to a few practical considerations that 
bear fundamentally on blasting technology, 
reserving for Chapter 14 considerations of 
other practical problems concerning air and 
ground shock damage potential with particu- 
lar reference to large surface blasts such as 
occur in open-air demolition activities and 
accidental explosions. 

Obert and Duvall’ carried out a valuable 
study of the propagation of strain waves in 
greenstone in which they used special strain 
gauges to measure the radial and tangential 
compressive strain produced at 2 to 54 ft 
from charges of 60 per cent ammonia gelatin 
ranging from 0.5 to 32 lb. The conditions 
were identical throughout, because they used 
only five different shot holes at 2, 6, 14, 30, 
and 54 feet in the entire study. In all cases 
the burden was sufficiently tight that none 
was broken beyond a small springing of the 
hole in each shot. The initial shots were the 
smallest ones, and the sprung holes of the 
smallest shots were used to achieve the 
larger loads of the subsequent shots. They 
found that the compressive strain fes fol- 
lowed the equation 


пез = &(М!/8)** (13.20) 


where, $, and à; are empirical constants differ- 
ent for each of four compressive strains 
measured, one being the radial compressive 
strain measured on a radial strain gauge and 
the other three being the tangential com- 
ponents relative to the face of the drift 
measured on each of three tangential strain- 
gauge elements in an instrument cemented 
into the face of the rock. The measured 
values of ô and б; are given in Table 13.8. 


TABLE 13.8. PARAMETERS OF COMPRESSIVE 
Strain Wave Equation (13.20 MEASURED 
BY OBERT AND DUVALL FOR Mount WEATHER 
GREENSTONE (FOR M 1м Pounps, 8 Ім FEET, 
AND те IN MICROINCHES PER INCH) 


ё 3: 
Radial 682 1.75 
Tangential G, 383 1.71 
Tangential G: 234 1.60 
Tangential G; 328 1.69 


Google 


335 


Obert and Duvall mentioned that it was 
difficult to assign rise time, half period, and 
frequency data but gave three sets of ap- 
proximate curves for these quantities. They 
found that the rise time of the radial com- 
ponent varied almost linearly with distance 
for distances of 14 to 54 ft, but increased 
more slowly at smaller distances in both 0.5- 
and 2-lb shots. Values of 0.2 and 0.28 msec 
at 54 ft were obtained for the rise times of 
the radial strain from the 0.5- and 2.0-lb 
charges, respectively. Respective values of 
0.03 and 0.08 msec were found at 14 ft. The 
half period of the dominant radial compres- 
sive strain increased approximately linearly 
on a log-log plot with charge size at 30 ft 
and 50 ft as also did the reciprocal of the 
dominant frequency at 6 ft, 30 ft, and 54 ft. 
The dominant frequency of the radial com- 
pressive strain from the 32-lb shots was 
about 650 at 54 ft, 650 at 30 ft, and 1,100 
cycles/sec at 6 ft. For the 2-lb shots, corre- 
sponding frequencies were 1,000 at 54 ft, 
1,800 at 30 ft, and 2,800 at 6 ft. As shown 
later, these frequencies are much higher than 
the dominant frequencies observed in seismic 
waves at long range. The latter frequencies 
depend entirely on the rock and fall in the 
range between about 8 and 80 cycles/sec. 
Figures 13.3 and 13.4 show two streak- 
camera traces of the shock wave from 
2.5 em (d) x 7.5 ст (L) Composition В 
propagated in a 3-in.-square, 9-in.-long glass 
target comprising 36 layers of }4-in. glass 
and in а 34-т. glass rod, respectively (see 
also Figure 7.8). Note that in Figure 13.3 
the shock wave traversed the glass plates at 
nearly constant velocity (5,570 m/sec), as 
observed by the 'ight crosshatching pro- 
duced by reflections at the interface between 
M-in. plates. In the glass-rod case (Figure 
13.4), however, the shock-wave propagation 
was somewhat more complex. Over the first 
12 cm one can observe two waves, one at an 
initial velocity 5.41 mm/ysec and the other 
at 4.66 mm/usec. Between 14 and 18 cm the 
wave at the front had an average velocity of 
3.89 mm/,ysec. The trailing edge at the end 
of the trace had ап average velocity 4.8 
mm/usec. The velocity of the forward dis- 
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Figure 13.3. Streak-camera photograph of 
shock wave from 1-in. Composition B propagated 
in 3-in. square glass (36 }4-in. plates). 
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Figure 13.4. Propagation of shock wave from 
l-in. Composition B in 34-in. glass rod. (Charge 
diameter and rod diameter on scale different from 
trace.) 
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turbance can be seen, however, to fall pro- 
gressively from the explosive-glass interface 
to the end of the rod. Incidentally, a 0.6-cm 
glass plate was used between the explosive 
and the glass rod. 

Rinehart and Pearson: 5. Ref. 11 give ап 
elastic-wave velocity of 6.8 mm/usec and а 
transverse-wave velocity of 3.3 mm/uysec for 
glass. The plastic wave propagated into glass 
by firing 2.5-cm-diameter Composition B in 
contact with the plates has a velocity only 
0.84 times as great as that of the elastic 
wave. However, the much faster elastic 
wave cannot even be seen in the streak- 
camera traces, whereas the plastic wave 
quickly renders opaque the glass at the 
wave front. The negligible attenuation of the 
plastic wave in Figure 13.3 shows that in 
the 7.5-cm-square cross section the wave is 
essentially a plane wave with negligible edge 
and friction losses. In the much narrower 
1.9-cm-diameter glass rod, conditions were 
somewhat different; the plastic wave may be 
seen to be slower and to decay more rapidly 
than in the glass of 20 times larger cross sec- 
tion. The difference in acoustic impedance 
between air and glass would lead one to the 
conclusion that the shock wave should be 
focused down the glass like light in a 
“Lucite” rod. Moreover, owing to the much 
greater cross section, the shock should have 
had a much lower intensity in the case of the 
7.5 cm (d) x 7.5 cm (L) plate than in the 
1.9-cm гоа at beyond, say, 5 cm. Why then 
did the wave propagate much more slowly 
in the rod than in the plates of 20 times 
greater cross section? The answer brings out 
an important fact in the application of ex- 
plosives in blasting in general, namely, that 
shock wave, during compression, loads so 
much energy into the glass that the glass 
fragments into fine particles as it goes into 
tension. Thus fragmentation of the target 
permits large attenuation (edge loss) in 
small-diameter rods exactly as in small- 
diameter unconfined explosive charges, i.e., 
owing to rapid lateral mass loss at the edge 
of the rod behind the shock front. This is 
discussed later in this chapter. 
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The situation is different for rods of inert 
material of high tensile strength such as steel 
and copper; one would expect from the above 
that the attenuation of plane shock waves 
in small-diameter rods would decrease with 
increasing tensile strength. Glass is, perhaps, 
the ideal case to bring out the influence of 
fragmentation in tension because it actually 
explodes into tiny (solid) particles as it goes 
from the compression of the high-intensity 
shock wave into the tension phase of the 
wave. Most rocks that are blasted com- 
mercially more or less resemble glass under 
the influence of blast waves, and energy 
losses resulting from fragmentation are 
therefore expected to be important in most 
types of blasting, especially in wave reflec- 
tions during the high-pressure stages of the 
blast wave. 


Seismic Disturbances from Large Con- 
fined Shots 


The seismic waves from confined shots of 
explosives have very complex wave form 
and are extremely difficult to interpret by 
any purely theoretical means or in terms of 
pressure, energy density, and impulse. How- 
ever, a great deal has been done by way of 
empirical correlations in terms of some ex- 
perimentally established indices suitable, 
for example, for predicting damage from 
empirical charge size-distance or charge size- 
amplitude-predominant frequency relations. 
Thoenen and Windes”? reported extensive in- 
vestigations of seismic waves from quarry. 
and mine blasts ranging in size from less 
than 1 lb to 15,000 Ib and at distances from 
a few feet up to about 6,000 ft. They found 
that in quarry blasts the amplitude A of the 
disturbances from charges of 1,000 to 15,000 
lb at distances of 500 to 6,000 ft followed the 
empirical equation (M in pounds; S in feet, 
and A in inches) 


А = 7.107*M1/3(e79.00145 + 0.0143) (13.21) 


for normal burden. For deep ог abnormal 
burden the coefficient was 2.3-10~ and for 
outcrops it was 7-10 ^. The amplitude was 
apparently so insensitive to differences in 
explosives, other factors remaining constant, 
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that they were unable to detect within the 
reproducibility of the displacement A any 
influence of explosive characteristics, e.g., 
velocity, explosion pressure, and differences 
in available energy density, on the amplitude 
of vibration. 

For mines where observations were made 
in the same rock strata, Thoenen and Windes 
obtained 


А = 0.027 M'g- (13.22) 


for shots ranging in size from 20 to 200 № 
and at distances of 200 to 1,500 ft. 

The frequency of a seismic wave from ex- 
plosives is not a well-defined quantity. The 
use of frequency to describe the wave refers 
to the dominant frequency which is usually 
well enough defined that it may be deter- 
mined with fair accuracy. The dominant fre- 
quency of the vibrations transmitted in the 
seismic disturbances from confined blasts 
depends primarily on the medium through 
which the disturbance propagates. Thoenen 
and Windes gave the following rough values 
for the dominant frequency: on outcrops— 
50; on average overburden—15; on abnor- 
mal overburden—5; on residential build- 
ings—10 cycles per second. 

The average velocity of the seismic dis- 
turbances recorded in rock in these studies 
was from about 5,000 m/sec for dolomite to 
8,000 m/sec for biotite-gneiss. In limestone, 
measured velocities varied from 2,400 to 
5,700 m/sec, and other rocks showed some- 
what less but still large variations in seismic- 
wave velocity. 

The duration of the seismic disturbances 
produced by quarry and mine blasts depends 
on the terrain. Thoenen and Windes ob- 
served a minimum duration of 0.1 sec at 
365 ft from a 235-lb blast with the seis- 
mometer on an outcrop, and a maximum of 
8.0 sec on a glacial fill 4,000 ft from a 
13,400-lb blast. Measurements of ground 
vibrations up to 3 miles from surface blast 
in the author’s laboratory have shown, in 
some cases, vibrations of duration at least 
30 sec, being continuous until the arrival of 
the air shock and sometimes continuing for 
some time later. The latter, by a shock 
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coupling to ground, itself sets up ground 
vibrations which mask the primary wave 
vibrations, making it impossible to measure 
the total duration of the primary seismic 
wave at this distance. One would thus have 
to measure the vibrations at still greater 
distances to observe the actual duration. 
However, at such great distances the ground 
vibration has very small amplitude, and one 
then requires very sensitive seismometers for 
this purpose. In the next chapter are dis- 
cussed measurements of ground vibrations 
at long distance in relation to persistent but 
unfounded complaints of long-range damage. 


Seismic Prospecting 


The use of explosives to generate seismic 
waves has an extensive application in geo- 
physical prospecting. A detailed discussion 
of seismic prospecting is quite beyond the 
scope of this volume, but a brief considera- 
tion here may be worthwhile. Explosives 
detonated in vertical shot holes are quite in- 
efficient as regards the generation of useful 
seismic waves. Usually a part, sometimes a 
major part, of the energy is lost in local 
pulverization and heating in the formations 
adjacent to the shot hole. The shot-hole, 
explosive-generated seismic waves, more- 
over, usually have extremely complicated 
wave forms. In seismic prospecting one usu- 
ally records the waves reflected or refracted 
from within about a 45° angle from the per- 
pendicular to the earth’s surface, since the 
characteristic dome and other structures 
one wishes to explore may be from }4 to 1 or 
more miles below the surface, and the geo- 
phone stations are generally in patterns 
within 1 mile of the shot hole. Hence for 
large charge length/diameter (L/d) ratios, 
only a small fraction of the seismic wave 
generated is useful, owing to effectively 
cylindrical expansion. At small L/d the situ- 
ation is much improved as regards relative 
available energy, because the energy is then 
more efficiently transmitted in the desired 
downward direction. But even then, most of 
the energy is radiated outside the useful 
zone. To obtain the best performance, shot 
holes are frequently sprung and then reused 
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a number of times, so that charges having a 
minimum L/d may be employed. Moreover, 
if the hole is large enough, one has the ad- 
vantage, if fluid tamping can be used by 
filling the annulus with water, of a local fluid 
medium in which the seismic wave is much 
more efficiently transmitted than in solids 
that pulverize excessively in the vicinity of 
the shot. 

The only explosive factors of significance 
other than the L/d ratio in seismic prospect- 
ing are apparently the available energy and 
the density. Taylor et al." have shown, e.g., 
that the intensity of the seismic wave is re- 
lated directly to the total shot energy and 
not at all to the detonation-velocity rate or 
even character of the explosive reaction. In 
fact, even the nondetonating black powder 
produces seismic waves of the same intensity 
and character as, e.g., a high-velocity gelatin 
dynamite under comparable shot-hole con- 
ditions, L/d, and loading density. 

The wave form in shot-hole seismic pros- 
pecting is, in general, extremely complicated 
and frequently difficult to interpret, owing 
largely to a low signal-to-noise ratio. Great 
effort has therefore been expended to im- 
prove the character of the explosion-gener- 
ated seismic wave. Poulter* has shown that 
considerable improvement in the wave form, 
particularly the signal-to-noise ratio, may be 
achieved by the method now known as the 
“Poulter seismic method.” 

The Poulter seismic method involves use 
of the explosive in the air above ground and 
induction of the seismic wave by means of 
the air blast wave as it strikes the ground. 
It makes use of various charge factors in- 
cluding size, shape, velocity, location of 
detonator, and shielding; multiple-shot pat- 
terns of varioustypes, spacings, height above 
ground, and number of charges; and the 
manner of detonation (simultaneous or se- 
quence firing) to control the frequency, di- 
rection of propagation, and the wave form of 
the seismic waves. The most significant 
factor in the Poulter seismic method is the 
large increase in signal-to-noise ratio over 
shot-hole firing. Poulter described three 
types of frequency control by this method. 
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namely the reflection shock-wave method, 
the pressure-pulse method, and the sequence- 
firing method. In the reflection shock-wave 
method the pattern spacing and number of 
charges are selected in such a manner that 
the waves from the separate charges fired 
simultaneously about 8 ft. above ground 
collide with each other in a definite, prede- 
termined pattern, and each wave is then re- 
flected back into itself. The frequency is then 
determined by the spacing between charges, 
i.e., by the time interval between the initial 
particle displacement and the first reflection. 
This method is applicable whenever the 
spacing in the shot pattern is such as to 
cause reflections in the induced seismic 
waves. 

When the spacing is below a certain criti- 
cal value such that the expanding gas clouds 
join together into a single cloud and undergo 
shock reflections before striking the ground, 
the frequency of the induced seismic wave 
is determined by a different mechanism de- 
scribed by Poulter as the pressure-pulse 
method. The frequency in this method is 
then determined by air instead of ground re- 
flections. Poulter showed that a given pat- 
tern of charges of a given size, shape, and 
method of firing thus produces two distinct 
frequencies versus spacing curves which, for 
a given frequency, have spacings differing by 
a factor of between about 4 and 10. The 
larger spacing curve is the one for the reflec- 
tion shock-wave frequency-control method; 
that for the shorter spacing is for the pres- 
sure-pulse method. Poulter also described the 
use of delay firing to control frequency. This 
he called the sequence-firing method. 

The advantages of the Poulter seismic 
method may therefore be summarized as 
follows: 

(1) Greatly 

ratios. 

(2) Excellent directional control. 

(3) Excellent frequency control. 

The method, however, incurs two important 
disadvantages, namely, 

(1) Strong air blast with its accompanying 

annoyance factor. 

(2) Very low energy utilization. 


improved signal-to-noise 
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Perhaps the most surprising fact is that 
one requires no more than about three times 
as much explosive in the Poulter seismic 
method as in ordinary shot-hole methods. 
Obviously, the fraction of energy transferred 
by the air blast to the seismic wave by induc- 
tion in the Poulter seismic method must be 
very small indeed, especially with charges of 
the sizes employed fired at about 8 ft. above 
ground. This serves, therefore, to illustrate 
that the shot-hole seismic methods are them- 
selves very inefficient even aside from the 
poor seismic wave forms generated in shot- 
hole methods. 


Shock-Wave (or Stress Wave) Fracturing 
of Rock 


Hino’ recently published studies of the 
importance of the compressive S, and tensile 
S, strengths and the ratio S./S; on rock frac- 
turing by shocks from three explosives, an 
“ammon gelatin" (p = 1.45, D = 5,860 
m/sec, Q = 1,060 kcal/kg, p» = 9.8-10* 
atm), a “permitted ammon gelatin" (p = 
1.55, D = 5,250 m/sec, Q = 850 kcal/kg, 
p: = 9.6:10* atm), and an “ammon dyna- 
mite" (po; = 0.95, D = 3,320 m/sec, Q = 
700 kcal/kg, p» = 2.7-10* atm). He showed 
that the thickness l of each slab spalled from 
the end of 4 x 4 (square) x 30-cm-long blocks 
was given by 

1 = LS 7 2р, 
where L is here the length of the shock wave 
and p, the peak pressures of the shock at the 


free face. Also the number № of slabs pro- 
duced was given as 


N = L/2l = р./8, 


S, , the tensile strength, being given by the 
equation 


(13.23) 


(13.24) 


5: = 2P/xld (13.25) 


where P is the breaking load acting along 
the diameter of a cylindrical specimen. Simi- 
larly, he gave for the compressive strength 


S. the result 
8. = (4P/xd?)(1 — Bd/l) (13.26) 


where B is & rock constant. From these 
equations and observed P, S., S;, and В 
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TABLE 13.9. SHAPE or Spock Wave ror Various Rocks AND EXPLOSIVES, 
AND BLasTIBILITY OF Various Rocks (arrer Hino) 


8, Blastibility Charge Shock Wave 
aoe kg/m | S: Se/St — beeen - ^ у 
Marble 815 55 14.8 Ammon gelatin 5 275 29 3-4-4 
“ 4 10 275 27 5-5 
“ et 20 275(330) 28 4-5-(6) 
“ et 30 275 37 3-4-5 
Permitted ammon 10 275 29 4-5 
gelatin 
Permitted ammon 10 220 26 3-4 
gelatin 
Granite 1,000 75 13.3 Ammon gelatin 10 375 29 4-5 
Permitted ammon 10 375 28 3-4-5 
gelatin 
Permitted ammon 10 300 32 3-4 
dynamite 
Sandstone 1,700 110 15.5 Ammon gelatin 10 550 28 4-5 
Permitted ammon 10 550 29 4-5 
gelatin 
Permitted ammon 10 550 3-4-5 
dynamite 


data, Hino obtained shock-pressure-distance 
curves that fell nearly linearly with distance 
from peak values that depended only on S. 
to zero always at between 25 and 35 cm be- 
hind the wave front, irrespective of the ex- 
plosive. Moreover, he found essentially a 
linear relationship between S. and p, for the 
three rock types considered, namely marble, 
granite, and sandstone. Thus the compres- 
sive strength of the rock alone seemed to de- 
termine the shape and peak pressure of the 
shock wave that propagated in the rock. But 
from Equation (13.24) the number of frag- 
ments should vary as S;', and therefore 
Hino defined а “blastibility” B by the ratio 


blastibility = S./S, (13.27) 


Blastibility coefficients of several materials 
taken from results obtained by Hino are 
listed in Table 13.9, together with his meas- 
ured shock-wave shape factors. 

Livingston‘ has also considered the influ- 
ence of shock waves in rock on the mechan- 
ics of rock failure in blasting. While Hino's 
work dealt with one-dimensional effects from 
which general conclusions concerning two- 
and three-dimensional fracturing could be 
deduced, Livingston's observations, in which 
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he studied cratering, were actually more di- 
rectly applicable to blasting because he em- 
ployed actual borehole conditions. He 
observed fracturing along ‘“‘O-cracks” around 
the cylindrical blast hole, corresponding to 
Hino's slabs, although the expected inner 
rings may be obliterated and only the last 
O-cracks may be made evidentin Livingston’s 
method. In addition, Livingston observed 
so-called radial *R-cracks" that result, of 
course, only in two- and three-dimensional 
wave propagation. Livingston considered 
the partition of energy in fragmentation as & 
function of the depth ratio A(= d./N where 
4. is here the charge depth and № the critical 
depth below which no visible damage of the 
surface was seen in his cratering experiment). 
Livingston defined a strain energy factor E 
by the equation 


Е = Ми (13.28) 


where w is here the weight of the explosive. 
The crater volume was given by Livingston 
as 


V = E*wABC (13.29) 


where A was defined as an energy-utilization 
number, B as a rock-fragmentation number, 
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and C as a stress-distribution number. E, A, 
B, and C were considered by Livingston to 
depend on type of material, depth of charge, 
type of explosive, stress distribution, lateral 
confinement of the medium, and elastic and 
plastic behavior of the medium under the 
applied stress. However, by means of Equa- 
tion (13.28), he was able to separate out ex- 
perimentally only E from the other three 
factors, although he discussed theoretically 
the separation of A, B, and C. He then de- 
fined a volume-utilization factor by the ratio 
У/ш(= E'ABC) as a basis for selecting the 
explosive with respect to cost and desirabil- 
ity. 

There have been various other attempts to 
place blasting on a more scientific basis. 
While the work of Hino and Livingston 
leaves much to be desired from this view- 
point, it is valuable in pointing the direction 
in which success is likely to be achieved and 
in providing a framework of understanding 
that should be useful in suggesting investi- 
gations for elucidating various factors in 
blasting action. 


Stress Wave Fracturing of Metals 


Rinehart and РеагѕопС: 5. Ref.! have 
considered in detail the fundamental prin- 
ciples of fracturing of metals under impact 
loading by high explosives. Many of the 
features of fracturing under impulsive loads 
are directly applicable in rock blasting. 
Furthermore, one may use metal fracture 
patterns at close range to deduce the struc- 
ture of the detonation head. Therefore, 
some of the observations described by Rine- 
hart and Pearson and similar ones observed 
in the author’s laboratory will be summa- 
rized here briefly. 

High speed photographic studies of the 
propagation of shock waves in transparent 
solids (lucite, glass) bring out very graph- 
ically the fact that solids do not actually 
fail in compression except in the region of 
plastic deformation. What is meant there- 
fore by compressive strength? Since failure 
commences at the plastic deformation 
threshold the true compressive strength 
might therefore be defined by this threshold 
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as described in Chapter 10. The measured 
compressive strength of solids, however, 
corresponds to a much lower loading pres- 
sure. It is in general complicated by the 
appearance of shear forces in the specimen 
under compression and it is thus shear 
forces, not compression, that are actually 
responsible for the failure in compression. 
The impact failure studies of Rinehart and 
Pearson bring out especially well the im- 
portance of shear and tensile forces in all 
types of fracture under impulsive loads. 

These authors showed by means of plate 
indentation studies and measurements of 
the velocities of small metal disks placed 
on the end of a more massive target opposite 
an explosive charge that the shock pulse 
transmitted into the metal from the end of 
a cylindrical explosive has a shape at close 
range closely resembling the theoretical 
detonation head described in Chapter 5. 
It is conical (base foremost) in shape when 
the charge is unconfined and approaches a 
pressure-flat along any line, drawn parallel 
to the charge axis, that commences at the 
shock front and terminates on the wall of 
the conical surface describing the detona- 
tion head rear boundary for an unconfined 
charge. Apparently therefore the detonation 
head pulse passes into the metal with very 
little initial change in form. This situation 
probably depends, however, on a good 
impedance match between the explosive and 
the massive metal block, such as in the use 
of plastic explosive and aluminun, the com- 
bination used extensively by Rinehart and 
Pearson. Аз the unsupported pulse flows 
foreward into the metal, it undergoes & 
rapid change in form; it spreads out as the 
peak pressure drops in order to conserve 
momentum. Аз it spreads out, moreover, it 
looses the characteristic form of the detona- 
tion head, and as time increases it takes on 
a form more and more characteristic of a 
pure shock. 

When the shock wave reaches a surface 
of the metal it is reflected as a tension wave. 
As the reflected (tension) portion of the 
wave moves back through the remaining 
oncoming compression part of the wave the 
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compression and tension components add 
algebraically, i.e., the negative ''pressure" 
of the tension wave adds to the positive 
pressure of the compression wave If, and 
when, the net “pressure” becomes suffi- 
ciently negative to equal the tensile strength 
of the specimen, scabbing or spalling occurs 
sharply at the plane where the tensile 
strength is first overcome. This is the fa- 
miliar “Hopkinson bar spall.” If the maxi- 
mum (positive) amplitude of the compres- 
sion wave as it reaches the surface is greater 
than, but less than twice as great as, the 
magnitude of the tensile strength of the 
metal, then only one scab is produced and 
this occurs within the part of the wave that 
has not yet been reflected, i.e., at a time 
before the reflected wave has passed through 
the tail of the oncoming compression por- 
tion of the wave. 

Multiple scabbing occurs when the ampli- 
tude of the incident compression wave at 
the instant of reflection exceeds by more 
than a factor of two the magnitude of the 
tensile strength of the medium. Then, dur- 
ing the interval of reflection of the finite 
wave, as rapidly as the net “pressure” 
reaches in negative magnitude the tensile 
strength, that portion of the metal between 
the original surface and the surface where 
the tensile strength is first exceeded spalls 
off from the metal block at a velocity cor- 
responding to the “trapped” particle veloc- 
ity of the front part of the shock wave. 
This uncouples the front portion of the wave 
from the rest of it and the part of the wave 
not yet involved in this original reflection 
then simply acts independently as a new 
compression wave. That is, it undergoes 
reflection at the new surface, and repeats 
the process of scabbing as many times as 
it still has sufficient amplitude to do so. 

Multiple scabbing requires a compression 
wave in which the wave is finite in thickness 
and in which the pressure falls steadily with 
distance behind the shock front. Multiple 
scabbing would not occur, for example, 
during reflection of a pressure-flat wave of 
the type described for the detonation head. 
Scabbing would take place only in the region 
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corresponding to the release waves, and this 
probably would not be multiple in the 
rapidly falling pressure contour outside the 
flat region. Hence, if the detonation head 
impulse were to maintain its form in the 
shock wave transmitted into the medium, 
only a single scab would be produced and 
it would occur only after the reflected wave 
had moved into the presumably sharp re- 
lease wave behind the flat region. This is, 
as a matter of fact, the condition that gen- 
erally occurs when the metal plate is not 
too thick. One finds for example, that the 
thickness of the first (and only) slab spalled 
from steel blocks is approximately constant 
in shape and size for & massive plate of 
thickness less than about ten times the 
thickness of the slab itself but still great 
enough that а clean hole is not punched 
through the plate by the explosive. More- 
over, in such instances the spalled fragment 
has а shape and mass corresponding very 
closely to the shape predicted from the 
theory of the detonation head. 

Additional evidence from scabbing experi- 
ments showing that the detonation head is 
approximately a pressure-flat with a 14” 
edge effect measured on a radius (ог 14” 
measured on & diameter) may be seen in 
results by Rinehart and Pearson in which 
1$" and 14" thick broad slabs of explosive 
were detonated in a direction parallel to 
and in direct contact with mild steel plates 
of thickness from l4" to 2". When the 
charge was 14” thick they observed that 
the scab had a nearly constant thickness of 
0.15" = 0.02" for a plate thickness less than 
1.2^. For greater thicknesses than 1.2" the 
slab thickness increased at а steadily ac- 
celerating rate with plate thickness owing 
to the influence of decreasing pressure and 
spreading of the wave in time. On the other 
hand, when the explosive thickness was 
1$" the flat portion of the slab thickness vs. 
plate thickness curve was absent, and only 
the increasing portion of the curve was 
observed. If the wave from the different 
charges had the same initial peak pressure 
aside from the edge effect, it would be only 
half as thick for the 1g” charge as for the 
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14” one. Hence, the scab for a thin plate 
should be only half as great for the 15” as 
for the 14” charge. The extrapolated slab 
thickness was only 14 as great for the former 
and increased steadily with plate thickness. 
At long range the waves would be of com- 
parable thickness but that from the thinner 
charge would have a much lower peak pres- 
sure. Therefore, the slabs should become 
thicker for the thin charge than for the 
thick one at sufficiently long range. This 
occurred at a plate thickness of 1". 

Under perfect confinement the detonation 
head is theoretically flat between its front 
and the stagnation plane. The thin plate- 
like charge was thus effectively (nearly) 
perfectly confined on one side and perfectly 
unconfined on the other. On the unconfined 
side there should be the 14” edge effect 
and on the confined side none. The release 
wave from the unconfined surface should 
reach the explosive-metal plate interface at 
& distance 2(А — 1$") behind the wave 
front running parallel to the metal surface, 
where A is the explosive thickness in inches. 
Therefore, in the case of а l$" thick ex- 
plosive charge the release wave would inter- 
sect the plate right at the wave front and 
in this case the wave transmitted into the 
plate would have an exponential decay form, 
like а normal shock wave even at its begin- 
ning. It should therefore develop tension in 
the plate immediately and cause scabbing in 
the conventional manner described by 
Rinehart and Pearson starting with rela- 
tively thin slabs. This is consistent with the 
absence of a flat region in the slab vs. plate 
thickness curve for the 1$” charge; there 
would be no pressure-flat region in the det- 
onation head for this charge. However, with 
the 14” charge the pressure pulse sent into 
the plate should be flat for a time 2(A — 
18”) -330 = 1 рзес. Hence upon reaching 
the free surface the (also flat) reflected ten- 
sion wave would exactly cancel the positive 
pressure part until it reached the end of the 
flat portion, or the release front. Only then 
would the tension portion exceed in magni- 
tude the compression portion and cause ten- 
sion to develop in the plate. But since the 
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release wave appears to drop the pressure 
very suddenly scabbing should then occur 
almost immediately after the reflected wave 
reaches the release wave. This explains the 
observed curves of Rinehart and Pearson 
and moreover shows that the minimum 
thickness of the scab should be (A — 15”). 
У*/0 for A in inches, У* being the per- 
pendicular component of velocity of the 
shock wave in the plate and D the velocity. 
The value found by Rinehart and Pearson 
for the 14” charge agreed closely with this 
expression. These results are therefore strik- 
ing confirmation of the detonation head 
model and the predicted edge effect. 

The principles of stress wave fracturing 
may be seen to account satisfactorily for the 
tensile fracturing results described by Hino 
as well as those described by Livingston. 
They give, moreover, deep insite into the 
mechanism of rock breakage in commercial 
blasting. They show clearly, for example, 
why it is desirable in borehold blasting to 
provide conditions whereby the rock may 
fracture in tension. 


Corner Fracturing 


Rinehart and Pearson showed that as a 
shock wave enters a corner it is reflected in 
the usual manner from the surfaces near the 
corner and the reflected tension waves there- 
fore must meet along a surface or line (de- 
pending on the geometry) frequently causing 
tensile fracture along this plane or line. 
Suppose for instance that the wave were to 
move into the (circular) corner at the end 
of a cylinder with the normal to the wave 
surface at 45° from the cylindrical axis. 
Then the parts of the wave striking the end 
and sides at 45° would each produce a re- 
flected tension wave also at 45° from the 
wall but 90° from the incident wave. The 
tension waves from the end and side would 
then interact along a conical surface going 
into the cylindrical block from the end 
corner also at about 45°. Under conditions 
where the separate waves are too low in 
intensity to produce fracture, the combined 
tension waves would be much more likely 
to cause fracture. Thus, instead of knocking 
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off the corners in chunks as one might пог- 
mally expect without a careful consideration 
of the influence of tension waves, one ob- 
serves cracks running into the block from 
the corners in such a direction as approxi- 
mately to bisect the corner angle, or the 
corner fracture may be of sufficient mag- 
nitude to cause fragmentation in which case 
a conical slug will be knocked off the end 
of the block. Corner fracture and frag- 
mentation were observed and discussed 
thoroughly by Rinehart and Pearson. 

One can use the principle of corner frac- 
ture to regulate accurately the nature of 
the fragments produced in impact loading 
of metals. Thus by scoring a metal plate 
such as to make a pattern of effective cor- 
ners one can cause the plate to rupture 
radially inward from the apex of the scoring 
pattern. Also by rounding off the corners, 
corner fracturing can be eliminated, if de- 
sired. This procedure could be used, for 
example, to eliminate the corner fractures 
described by Gordon et. а]: 11. Ref. 1 when 
ten gram charges of high strength are used 
in the Trauzl block. 


Fracturing by Release of Load 


When a metal block is impacted by a 
detonation wave from a high explosive it 
undergoes some plastic deformation at the 
exlosive-metal interface, and simply com- 
pression at pressures below the plastic 
deformation regime. Since the pressure falls 
rapidly with distance from the explosive- 
metal interface so also does the compression. 
The high pressure generated by the explosive 
is of short duration especially for short 
lengths or thin layers of charge. Therefore, 
when the charge in contact with the metal 
block is small the sharp pressure pulse it 
creates moves impulsively into the metal 
and creates considerable compression. But 
since the pressure in the detonation gases 
may disappear very rapidly especially with 
small charges the metal also comes back 
out of compression impulsively. That is, 
while the metal is still considerably com- 
pressed the pressure is suddenly released, 
and the metal then not only comes out of 
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compression, but it comes out of compression 
so rapidly that it overshoots its normal 
density &nd goes into tension. This tension 
phase may be of sufficient magnitude under 
suitable conditions to produce tensile failure 
of the specimen between the region of plastic 
deformation and some usually well defined 
surface of spherical or cylindrical symmetry 
some distance into the block depending on 
the charge-block geometry. This may pro- 
duce backward scabbing or spalling, or it 
may simple leave the block with permanent 
fractures in its interior without spalling 
depending on the magnitude of the impulsive 
release of compression. Rinehart and Pear- 
son described this phenomena for the case 
of blocks impact loaded at the end of short 
cylindrical charges of а plastic explosive. 
The author and Mr. O. K. Shupe (un- 
published) have used the principle of frac- 
turing by release of load to study the shape 
and pressure distribution in the detonation 
head. They detonated long (15 to 30 cm) 
cylindrical charges of granular RDX vi- 
brated uniformly into thin walled paper 
tubes of various outside diameters around 
axially centered 58”, 1" and 11$" mild steel 
rods. The point of initiation of the charge 
was about 1 cm ahead of the near end of the 
rod, but the rod protruded from 0.3 to 1.0 
em out the other end of the charge. They 
found that if the OD was less than a certain 
value d., i.e., giving а (d, — d”)/2 thick 
annulus of explosive around the rod of 
diameter d", the rod acquired as a result of 
the detonation of the high explosive a linear 
tensile fracture nearly all the way along its 
cylindrical axis, except for а fixed region at 
the initation end. This axial tension frac- 
ture (ATF) zone also was characterized by 
radial tensile fracture spurs usually two to 
four in number extending sometimes half 
way to the surface of the rod. Moreover, 
the thinner the annulus of explosive the 
larger was the tensile fracture zone and 
spur pattern along the axis of the rod, except 
for layers of explosive of 14” or less annular 
thickness where no axial failure was ob- 
served. Also in each case corner fracturing 
caused & chunk of the rod with & conical 
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rear surface to break off its ends as described 
by Rinehart and Pearson. But for outside 
charge diameters greater than the critical 
value 4, no ATF was produced in the rods. 
Table 13.10 gives a summary of threshold 
conditions for the ATF of the mild steel 
rods found in this study. 

The results in Table 13.10 show firstly 
that the release of load type axial tensile 
fracture commenced in the rod in general 
about 1.0 to 1.5 charge diameters or about 
2.5 to 3.5 rod diameters down the rod. 
Secondly, unless the annular thickness of 
the explosive exceeded the 14” edge effect no 
ATF was produced. Thirdly, the limiting 
annular thickness d, for ATF was approxi- 
mately the same as the rod diameter, and 
the effective limiting thickness (d, — 0.3 
ст) was within experimental error about 
0.9 inches. 

These results confirm completely the pre- 
dicted properties of the detonation head. 
The shock velocity in steel is about ten per 
cent higher than the detonation velocity of 
the granular RDX. Now the pressure pulse 
transmitted into the rod would in the det- 
onation head model be flat for the time а 
given element of rod is inside the detonation 
head. The front of the pulse must travel 
the distance d" before it undergoes reflection 
at the position diametrically across the rod 
(having then passed over shocks converging 
on the central axis from every other point 
on a cross-section of the rod). It is then 
reflected in tension. But the initial tension 
wave just exactly cancels the (flat) com- 
pression wave until it runs into the release 
wave. The reflected wave will encounter the 
release wave as it moves back across the 
rod diameter, however, only if the release 
wave from the explosive has reached the 
explosive-metal interface before the first 
shock reflection, and if the wave actually 
meets а discontinuity at the surface of the 
reflection. The detonation head should pro- 
vide a good impedance match for the shock 
moving from a metal into the metal-detona- 
tion head interface. Hence, if the shock 
reaches the surface of the rod within the 
detonation head it simply passes out into 
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TaBLE 13.10. RELEASE or Loap, AXIAL ЁВАС- 
TURING IN AXIALLY CENTERED STEEL Rops 
PRODUCED ву IMPULSE LOADING FROM GRANU- 
LAR RDX CHARGES 


d” (rod | d’ (charge | Annular Distance in rod to 
dia) | ОР. 


d (4' i /2 Result ——— ATF 

1.6 3.8 1 ATFt 3.8 

1.6 5.0 1.7 ATF 5 

1.6 5.7 no not sectioned 
ATF 

1.6 6.2 2.3 no not sectioned 
ATF 

2.5 3.2 0.35 | no not sectioned 
ATF 

2.5 3.8 0.65 | ATF | not sectioned 

2.5 5.0 1.25 ATF not sectioned 

2.5 6.4 1.95 | ATF 7.6 

2.5 7.0 2.25 | ATF | not sectioned 

2.5 7.6 2.55 no not sectioned 
ATF 

3.8 8.9 2.55 | ATF 10 

3.8 10.1 3.15 | ATF | not sectioned 

3.8 | 10.8 3.5 ATF 12.7 

3.8 11.4 3.8 no not sectioned 
ATF 

3.8 12.7 4.45 | no not sectioned 
ATF 


t ATF = axial tensile fracture 


the detonation head and is not reflected. 
Therefore, the maximum perpendicular com- 
ponent of the path in the metal that will 
produce tensile breaks will be 2d” and the 
maximum detonation head length at which 
axial tensile fracture can occur is twice the 
(effective) thickness of the annulus of ex- 
plosive. Therefore the maximum thickness 
(d, — d")/2 of the annular layer of explosive 
for ATF should be given by the equation 


(809° — d") — 0.3V1/D = d” (13.10) 


for d, and d" in cm., since the length of the 
detonation head in contact with the rod is, 
according to the detonation head model, 
twice the critical (effective) annular thick- 


: ness for ATF. Equation 13.30 is in excellent 


agreement with the results shown in Table 
13.10. 

One might expect that tensile fracturing 
of rock by release of load is not а very 
important factor in commercial blasting 
except possibly in so far as it may be useful 
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in explaining, for example, the beneficial 
effects of shooting gas, oil, and waterwells, 
and caving phenomena. 


Fracturing by Relative Motion of Load 


Perhaps the most important type of frac- 
ture as far as commercial blasting is con- 
cerned is that described by Rinehart and 
Pearson as fracture due to “relative radial 
motion". The arrangement used by these 
authors to investigate this type of fracture 
was а large cylindrical block containing an 
axial 1" diameter charge of plastic explosive. 
By selecting the block large enough that it 
was not ruptured by the detonation of the 
axial charge upon sectioning it they found 
a network of radial fractures that neither 
began at the slightly plastically deformed 
shot hole nor the cylindrical surface of the 
block. For example, with a 9" O.D. cylinder 
having а 1" ТО. axial hole in which the 
charge was detonated the radial cracks 
began about 1" from the somewhat expanded 
shot hole and extended about one inch ra- 
dially outward. With a smaller O.D./I.D. 
ratio these radial cracks, of course, increase 
in length, number and size until at small 
enough values of this ratio they become the 
seat of extensive block fracture and frag- 
mentation. 

Fracturing by relative motion of the load 
always takes place in cylindrically and 
spherically expanding burdens whether 
scabbing or shock wave tensile fractures 
occur or not. One observes in conventional 
commercial blasting only to а limited extent 
the type of action associated with scabbing. 
Possibly therefore relative motion that 
causes tensile failure is the most important 
means of breaking rock. There is another 
type of fracture, however, that is sometimes 
responsible for rock breakage, namely, shear 
fracturing. As indicated in the following 
discussion on “Rockmaster blasting," how- 
ever, shear fracturing is possibly to be 
avoided whenever possible under most cir- 
cumstances by providing conditions where 
tensile fracturing may take place before 
shear forces can develop. On the other hand 
there is one type of blasting where shear 
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fracture along with some tensile fracture 
may be promoted to a considerable advan- 
tage. This pertains to the so-called “Burn 
cut round" method of tunnel driving. Studies 
of the shear and shear-tensile types of frac- 
ture described by Rinehart and Pearson are 
of particular interest in regard to the mech- 
anism of the “Burn cut round" as well as 
shear fracture in general. 


Shear Fracture 


Under conditions in which the tensile 
forces cannot develop or are restricted 
another type of fracturing that can be as- 
sociated with trajectories of maximum shear 
stress may develop. An example of this 
kind that may bear directly on the success 
of the “Burn cut round" method of blasting 
was cited by Rinehart and Pearson. They 
detonated a 1$” thick layer of explosive on 
the cylindrical surface of а 234" O.D. alu- 
minum (24 S-T) cylindrical block with a 
34” cylindrical relief hole drilled through 
the longitudinal axis. The shock wave mov- 
ing in toward the relief hole develops at 
each point in the body of the cylindrical 
block two mutually orthogonal trajectories 
of maximum shear stress. The shear tra- 
jectories where the shear stress is maximal 
spread out in curved, continuous lines from 
points on the surface of the relief hole and 
may number from about eight to twelve 
such trajectors in the two dimensional ge- 
ometry involved in the cylindrical case. 
Rinehart and Pearson observed beautiful 
shear fracture patterns along these tra- 
jectories of maximum shear resembling the 
*Luder's" lines observed in shear stressing 
of mild steel. This pattern of "Luder's" 
type lines extended out about a third of the 
distance from the original relief hole to the 
cylindrical surface of the block terminating 
in tensile fractures that occurred in a cylin- 
drieal surface of diameter about half the 
O.D. of the block. That the tensile fracture 
surface occurred first was clearly evident 
because it terminated the shear fracture 
pattern. 

Another example of shear fracturing along 
maximum shear fracture trajectories was 
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shown by these authors in an example in 
which a 1” diameter explosive was detonated 
in a 1” cylindrical (axial) hole of a 4” di- 
ameter mild steel block. The sectioned block 
not only showed the radial cracks associated 
with relative radial expansion of the block, 
but at about fourteen points around the 
slightly expanded shot hole the beginning of 
the shear fracture trajectories could be seen 
each starting at an angle of about 45° in 
either direction at the surface of the shot 
hole and extending 3 to 4 mm into the block. 

The “Burn cut round” makes use of one 
or more relief holes of diameter say 2 to 4” 
drilled in a pattern at its center perpendicu- 
lar to the face of the drift. The larger the 
relief hole the more effective it is in helping 
to open the round. The whole face then 
contains a pattern of holes running from the 
face back into the rock a fixed distance say 
six to eight feet, more or less depending on 
the type of rock being blasted and to an 
important extent on the nature of the relief 
hole or holes. The angle of each hole is 
carefully selected based on experience to 
obtain the best action at each stage of the 
round. The principle of the relief hole is 
to allow a free surface into which the in- 
itially fired holes of the round are able to 
break laterally along the drill hole. If suc- 
cessful the initial loaded holes adjacent the 
relief hole will break out along most of the 
length of the holes by first breaking to the 
relief hole, and then by blowing rock out 
of the relief hole. One then has an open hole 
at the center of the drift to which the re- 
maining holes may break in successive rings 
by slabbing. The whole round may be fired 
with a series of delay caps, the first caps to 
fire being the holes close to the relief hole 
or holes, the first delay caps being used in a 
ring or pattern surrounding the initial zero 
delay holes, the second delay series holes 
being outside the first delay series, and so 
on. The pattern can also be fired in separate 
stages in the same order. 

It seems evident from the work of Rine- 
hart and Pearson that the primary fracturing 
involved in the release hole itself is the 
shear stress type fracturing coupled with 
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some tensile fracturing in a cylinder some- 
what larger than the relief hole as described 
in this section. After the initial relief hole- 
loaded pattern has removed rock from the 
central axis of the drift it is an easy matter 
for the remaining holes to break the rock by 
slabbing in tensile fracture, providing, of 
course, that holes all fire in the proper 
succession. 


High Speed Photography of Fracture 
Patterns in Lucite 


One may demonstrate in a single micro- 
second framing camera sequence many of 
the features of fracture under impact load- 
ing by observing the wave propagation, 
reflection and interaction in a transparent 
solid of sufficient tensile strength. Trans- 
parent plastic such as lucite is better than 
glass for this purpose because glass under- 
goes tensile fracture more readily, and the 
dark opaque patterns of fracture spread too 
rapidly and extensively in glass for clear 
definition. Dr. H. H. Fassnacht and Dr. 
C. H. Winning, Eastern Laboratory, E. I. 
duPont de Nemours and Company, ex- 
hibited to the author one such series in 
lucite obtained on a Beckman and Whit- 
ley framing camera in which most of the 
details of fracture, including fracture by 
release of load, tensile fracture by reflected 
shock waves, corner fracture, and fracture 
by radial expansion of the block could all 
be seen clearly and distinctly in the suc- 
cessive frames. Fig. 13.5 shows another 
striking high speed (original in color) se- 
quence by D. H. Pack in the author’s 
laboratory of the shock loading of a 3” 
(d) x 3” (L) block of lucite by a 1” (d) x 
1” (Г) charge of pressed tetryl. In this 
series the lucite block was large enough 
to display the influence of wave attenuation 
quite markedly. Moreover, a sharp release 
wave makes its appearance suddenly in 
this series on frame 11 in the form of a well 
defined fracture pattern six frames after 
the shock from the tetryl passed into the 
lucite. The shape of the region between the 
curved wave front and the (reverse) curved 
release front is not a great deal different 
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Figure 13.6. Microsecond framing camera sequence of a 3” (cube) lucite block placed between crossed 


polaroids covering half of the block. 


from the expected (only partly developed) 
detonation head in the tetryl. Its width at 
the center, for instance, is the expected 
width, and it shows clearly the influence of 
lateral release waves although it is predom- 
inantly a rear release wave. The front of the 
release wave pattern corresponds to the 
“stagnation” surface discussed in chapter 5. 
On frame 17 one can, on the original at 
least, detect a sharp tensile fracture result- 
ing from the reflection of the shock wave 
from the end of the block. The lucite 
may be seen to have fragmented over the 
whole of the scabbed part of the block on 
frame 18. This permits one by careful ex- 
amination to observe the corner fracture 
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pattern in the final two (significant) frames 
of this series. t 


t The use of Crossed polaroids to bring out 
density fluctuations in impact loaded transparent 
solids by means of the microsecond framing cam- 
era using color film has recently been investigated 
by the author and associates. Already several new 
shock and release wave patterns have been ob- 
served, and the method shows promise of provid- 
ing valuable new information regarding the mech- 
anism of propagation of shocks in solids and the 
fragmentation of solids under impact loading. 
Figure 13.6 shows a microsecond framing sequence 
of a lucite block photographed with crossed polar- 
oids over half the charge and no polaroid over the 
other half. Note the sharpness of the shock contour 
in the part where the lucite was covered by the 
crossed polaroids. 
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Multiple-Hole Blasting with Millisec- 
ond Delay Caps 


The last decade has seen the introduction 
on a large scale of a new type of (well drill) 
quarry blasting which makes use of the 
benefits of careful regulation, within a period 
of about 25 msec, of the time of firing of 
successive holes. The method of millisecond- 
time-control blasting initially introduced by 
Atlas Powder Company was called **Rock- 
master" blasting. Results showed that the 
control of the interval of initiation of suc- 
cessive holes within the 25-msec range re- 
sulted in better fragmentation and greatly 
reduced ground shock or seismic disturb- 
ances at a distance. Since the introduction 
of the fast-delay methods of blasting in 
quarrying, the principle has been extended 
to underground mining. ‘‘Blaster’s Hand- 
book,” e.g., lists the following advantages 
for the use of 25-msec-interval (MS) delay 
caps in underground mining: ‘‘(1) Improved 
fragmentation; (2) marked reduction of 
bootlegs; (3) elimination of dynamite in 
muck through prevention of cut-off; (4) 
decreased concussion and vibration." More- 
over, the twelfth edition of ‘‘Blaster’s Hand- 
book" lists Du Pont delay caps of 14 periods, 
eight with 25-msec intervals from 25 to 
200msec and six with 50 msec intervals from 
250 to 500 msec. 

The general, now apparently well-founded, 
claim that 25-msec-interval delay blasting 
reduces ground shock or vibration has im- 
portant implications with respect to the 
origin of ground shock in blasting. The delay 
interval of 25 msec does not, in general, 
correspond to the predominant period or 
reciprocal frequency of the seismic dis- 
turbance. Moreover, at close range where 
such effects as wave cancellation and rein- 
forcement might be effective, frequency is 
very ill-defined in explosion-generated seis- 
mic waves. Thoenen and Windes showed 
that, while conditions can be carefully 
selected to produce cancellation of dominant 
modes and thus reduce vibration, it was not 
possible to achieve wave-cancellation effects 
on a practical basis in multiple-hole firing. 
In general burdens where fast-delay caps 
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may be used successfully do not exceed 
about 30 ft from the borehole to the face; 
a shock wave originating in the shot hole 
itself would travel 15 to 30 times this far 
in the delay interval. One can account, there- 
fore, for separation of at least the first few 
cycles of the shock waves from individual 
holes by use of the 25-msec- (or a longer 
interval) delay firing mechanism. But this 
is not the reason for the observed advantage, 
because fast-delay blasting can apparently 
reduce the ground shock even considerably 
more than say ordinary slow-delay or second- 
delay blasting which would effectively fire 
one hole at a time as far as seismic disturb- 
ances are concerned. In other words, ground 
shock from a multiple-hole shot may, with 
proper delay firing, be even less than from a 
single well-drill-hole shot of the same size 
as the separate holes in the multiple-hole 
shot. 

It is observed, in general, that the ground 
shock varies in an inverse manner with the 
effectiveness of the blast in producing frag- 
mentation; when fragmentation in a quarry 
shot is good, the seismic-wave disturbance 
is usually small, but when it is poor one may 
encounter a strong seismic wave at distances 
within, say, about 15 mile from а large 
quarry shot. А shot with a burden so large 
or so tight that it cannot be broken will 
generate a much greater seismic disturbance 
than the same size shot with а burden that 
is easily broken. Clearly, therefore, the effec- 
tiveness of fast-delay blasting is not to be 
understood as simply the damping of the 
blast wave by the uncoupling of the burden 
from the shot hole, or the destructive inter- 
ference of waves. Indeed, in one direction 
at least, namely in the direction opposite to 
the movement of the burden, there is no un- 
coupling at all. Hence if the observed seis- 
mic disturbance were to originate in the 
shot hole proper, in that direction each hole 
would always contribute the same seismic 
wave which would either propagate inde- 
pendently, cancel, or reinforce the waves 
from other holes (if shot within the neces- 
sary time interval). 

The only apparent explanation for the 
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important advantages of the “Rockmaster” 
type and other fast-delay blasting is there- 
fore that the seismic disturbance originates 
not in the shot hole proper but primarily 
in the burden itself. On the other hand, it 
is obvious that a primary seismic disturbance 
of some magnitude must originate in the 
shot hole and propagate much the same as 
in underwater explosions. But the primary 
shock wave that propagates out from the 
shot hole must apparently either never be 
very strong or must attenuate quite rapidly; 
otherwise it would itself cause appreciable 
seismic disturbance that could not be con- 
trolled by fast-delay blasting. In fact, a 
much greater part of the total disturbance 
can be controlled by fast-delay blasting 
than the part that cannot, showing that the 
far greater part of the total seismic disturb- 
ances in uncontrolled blasting must originate 
in the burden itself. 

Let us consider possible reasons why the 
primary wave originating in the shot hole 
does not account for more of the total seis- 
mic disturbance in, e.g., quarrying. We have 
seen that the initial underwater shock wave 
acquires about half the available explosive 
energy in a period of about 1.25 d (cm) 
usec during which the shock wave is still 
within the range that it may be supported. 
This high energy transfer is made possible 
in water by the high loading density and 
relatively high compression of water under 
the initial pressure р; of the explosive. But 
(nonporous) rock is much less compressible 
than water (e.g., less than one-fiftieth as 
compressible). In ordinary commercial ex- 
plosives where p; is about 50 kilobars, a 
much smaller fraction of the available 
energy A of the explosive can thus be trans- 
ferred to the medium during the period 
where it can be used to support the shock 
wave. Moreover, local pulverization of rock 
(particularly porous rock) will prevent 
shocks from propagating without consider- 
able attenuation. Suppose, for example, that 
the rock were reduced by the blast wave to 
powder of, say, 1 to 100 џ diameter while 
the blast wave front still has a pressure in 
excess of the compressive strength of the 
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rock, namely about 2,000 atm or less. At a 
surface energy (or surface tension) of 10 
ergs/cm?, a reasonable theoretical value for 
rock, shock pulverization of the rock might 
thus use up as much as 0.01 to 1.5 cal/g, 
because the ratio of surface area to volume 
varies as r—!, and since a centimeter cube 
has an area of 6 cm?, particles of 1 to 100 u 
would have an area of 6. 104 to 6. 10° cm?/cc. 
If, then, the shock pressure were high enough 
to produce such fragmentation up to, say, 
five charge radii from the center of the shot 
hole in a cylindrical charge of large L/d in 
which shocks are radiated laterally, the 
initial pulverization to particles from 100 
to 1 и in diameter would absorb 0.4 to 40 
cal/g of explosive, or from 0.4 to 4 per cent 
of the available energy of the explosive. But 
this may be a large part if not practically 
all of the energy radiated in the initial shock, 
particularly in rock of low compressibility. 
Local pulverization in the rock adjacent to 
the shot hole may thus have the effect of 
strong damping of the original shock wave, 
and therefore of requiring intensive seismic 
disturbances to originate in the regions of 
the burden where pressures are below the 
compressive strength of the medium. In- 
cidentally, it would take all the available 
energy of 1 № of a high-grade explosive just 
to provide the surface energy of 1 ton of 
rock pulverized from massive rock into 
particles averaging 1 џ in diameter. 
Consider next the origin of the seismic 
waves in the burden being blasted and how 
these disturbances may be controlled by 
fast-delay blasting. Generally, compressive 
and shear strengths are much higher in rock 
than is the tensile strength. For this reason 
one always attempts in blasting rock to 
break the rock in tension by shooting from 
free faces rather than to break it in shear 
by shooting under tight conditions, i.e., a 
burden closed on both sides and open only 
in the front. Therefore, if it were possible 
to break in tension, i.e., if there were com- 
plete freedom of motion of the burden, a 
given force would cause more breakage than 
when such freedom of motion does not exist 
and the rock is forced to break in shear. 
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Presumably, therefore, when tension forces 
may be freely applied, the shock forces can- 
not build beyond the 50- to 100-kg/cm? 
pressure corresponding to the tensile 
strength. The pressure of the shock wave 
that radiates from the burden then might 
be expected to be limited by the tensile 
strength of the rock. However, when the 
burden is tight, it will be the greater com- 
pressive and shear-strength properties of 
the rock that will determine the intensity 
of the seismic disturbance radiated from the 
burden as it breaks. Thus, as discussed 
above, Hino? showed that the peak pressure 
of a shock wave that can be developed in 
rock is determined primarily by the com- 
pressive strength of the rock. 

Now results in Figures 11.5 and 11.6 
indicate that the burden may begin to move 
in about 1 msec, but will not have moved 
an appreciable distance until, say, 10 msec 
under the conditions assumed in computing 
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the data in Figures 11.5 and 11.6. The 
adjacent burden therefore will have effec- 
tively а new free face in the direction of the 
motion of the burden of the prior hole about 
10 msec after the shot in this hole has gone. 
There is probably a fairly broad interval 
between, say, 10 and 25msec where a shot 
following a prior one can effectively cooper- 
ate with the prior one in moving out the 
burden. But if the interval is allowed to be 
longer than this, differential motion of ad- 
jacent burdens may again cause strong shear 
and compressive forces to develop. If this 
model is correct, it is therefore the coopera- 
tive action of adjacent holes going immedi- 
ately after the appropriate freedom of 
motion is developed, but not enough after 
to allow appreciable differential motion and 
consequent shear forces to develop, that 
renders the fast-delay blasting effective in 
reducing seismic disturbances and increasing 
fragmentation. 
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CHAPTER 14 


DAMAGE POTENTIAL OF AIR AND GROUND BLAST WAVES 


Limits of Damage by Air Blast Waves 


Before one can apply the fundamental 
laws of air-blast-wave propagation to pre- 
dict damage one must know (1) what consti- 
tutes damage and (2) what property of the 
wave is responsible for damage. Experience 
has shown that glass breakage is, of all ob- 
served types of blast damage, most easily 
effected. Poulter’ concluded that average 
window glass will break at a peak pressure 
т„ Of 0.7 psi or 100 1b/sq ft. Windes’ con- 
cluded that the index of destruction for 
blasts involving 1 to 50 lb of dynamite is 
1.0 psi (later he gave 1 to 2 psi), and that 
window boxes showed positive damage at 
1.5 psi for the peak pressure of the blast 
wave. Cox, Plagge and Reed‘ concluded that 
large plate-glass windows may be broken at 
a xm value of 6.5 lb/sq ft, and that average 
barracks glass breaks at 33 lb/sq ft. Con- 
sistent with the above suggestions that the 
pressure v, is responsible for glass breakage, 
Poulter gave data which follow the cube root 
equation 


S, = М! (14.1) 


where 5; is the distance for the ith type of 
damage (here glass damage, S; = 89) pro- 
duced by M pounds of explosive, S; being 
the corresponding distance for 1 lb. For the 
average distance for glass damage, Poulter 
gave S; = 55 ft-Ib !" and for the extreme 
distance he gave S? = S; = 410 ft-Ib ?^. If 
one applied Equation (14.1) to the data 
given by Robinson“: 1, Pet. 16 for the glass 
damage from & 100,000-Ib TNT explosion, 
Ss would be about 2,000. Evidence presented 
below indicates that & square root rather 
than the cube root law may apply as the 
weight-distance law for damage, at least for 
the types of damage designated аз major 
damage and minor damage even the latter of 
which, according to the usage employed in 
available literature, has & limit much lower 
than for glass damage. The fact that large 


charges produce glass damage beyond the 
range given by Equation (14.1) and the S; 
constant obtained from Poulter's data sug- 
gests that а higher power damage-range law 
may apply also to glass breakage. 

As the result of hundreds of accidental ex- 
plosions, a great deal is known regarding the 
major damage &nd minor damage potential 
of air blast waves from unconfined explo- 
sions. Most of the information on damage 
potential of air blasts, aside from classified 
war-record data, has been obtained from 
these accidental explosions in which the 
charges presumably exploded on or near the 
surface. It has been customary, in analyzing 
these damage data from accidental explo- 
sions, to ignore the type of explosive in- 
volved and the factors concerning environ- 
ment. This has been justified, in general, by 
the fact that the damage criteria themselves 
could not be assessed within close enough 
limits to justify more accurate handling of 
the data. Extensive compilations of the data 
on accidental explosions have been given by 
Robinson,» ! Re. 16 who listed nearly 140 
such explosions ranging in size from 14 № to 
9-10" lb. Miles" considered the data ob- 
tained from 117 accidental explosions rang- 
ing in size from 10° to 10° Ib in connection 
with an investigation of the reliability of the 
* American Tables of Distances." He pointed 
out that these tables require excessive maga- 
zine and other building spacings for small 
quantities and inadequate spacings for large 
quantities. The data upon which Miles based 
his conclusions are presented in Figure 14.1, 
together with the data computed from the 
equations 


Sia = 81 М (14.2) 


for values of a = М and a = 16. Here Si 
is the average limit of minor damage from 
M pounds of explosive and Si; that from 
1 № of explosive. While the “American 
Tables of Distances" follow approximately 


353 


Google 


THE SCIENCE OF HIGH EXPLOSIVES 


TABLE 14.1, AMERICAN TABLE or DISTANCES FOR STORAGE OF EXPLOSIVES 
As Revised and Approved by The Institute of Makers of Explosives 
September 30, 1955 


Explosives Distances in feet when storage is barricaded 
Public Separation of 

Pounds over Pounds not over Inhabited buildings Passenger railways highways Magazines 
2 5 70 30 30 6 
5 10 90 35 35 8 
10 20 110 45 45 10 
20 30 125 50 50 11 
30 40 140 55 55 12 
40 50 150 60 60 14 
50 75 170 70 70 15 
75 100 190 75 75 16 
100 125 200 80 80 18 
125 150 215 85 85 19 
150 200 235 95 95 21 
200 250 255 105 105 23 
250 300 270 110 110 24 
300 400 295 120 120 27 
400 500 320 130 130 29 
500 600 340 135 135 31 
600 700 355 145 145 32 
700 800 375 150 150 33 
800 900 390 155 155 35 
900 1,000 400 160 160 36 
1,000 1,200 425 170 165 39 
1,200 1,400 450 180 170 41 
1,400 1, 600 470 190 175 43 
1, 600 1,800 490 195 180 44 
1,800 2, 000 505 205 185 45 
2, 000 2, 500 545 220 190 49 
2, 500 3,000 580 235 195 52 
3,000 4,000 635 255 210 58 
4,000 5, 000 685 275 225 61 
5,000 6, 000 730 295 235 65 
6,000 7,000 770 310 245 68 
7,000 8,000 800 320 250 72 
8,000 9,000 835 335 255 75 
9,000 10,000 865 345 260 78 
10,000 12,000 875 370 270 82 
12,000 14,000 885 390 275 87 
14,000 16, 000 900 405 280 90 
16, 000 18, 000 940 420 285 94 
18, 000 20,000 975 435 290 98 
20, 000 25, 000 1,055 470 315 105 
25,000 30,000 1,130 500 340 112 
30, 000 35,000 1,205 525 360 119 
35,000 40,000 1,275 550 380 124 
40,000 45, 000 1,340 570 400 129 
45,000 50,000 1,400 590 420 135 
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TABLE 1—(Continued) 


Explosives Distances in feet when storage is barricaded 
Public Separation of 
Pounds over Pounds not over Inhabated buildings Passenger railways highways Magazines 
50,000 55,000 1,460 610 440 140 
55,000 60,000 1,515 630 455 145 
60,000 65,000 1,565 645 470 150 
65,000 70,000 1,610 660 485 155 
70,000 75,000 1,055 675 500 160 
75,000 80, 000 1,695 690 510 165 
80,000 85,000 1,730 705 520 170 
85,000 90,000 1,760 720 530 175 
90,000 95,000 1,790 730 540 180 
95,000 100,000 1,815 745 545 185 
100,000 110,000 1,835 770 550 195 
110,000 120,000 1,855 790 555 205 
120,000 130,000 1,875 810 560 215 
130,000 140,000 1,890 835 565 225 
140,000 150,000 1,900 850 570 235 
150,000 160,000 1,935 870 580 245 
160,000 170,000 1,965 890 590 255 
170,000 180,000 1,990 905 600 265 
180,000 190,000 2,010 920 605 275 
190,000 200, 000 2, 030 935 610 285 
200,000 210,000 2,055 955 620 295 
210,000 230,000 2,100 980 635 315 
230,000 250,000 2,155 1,010 650 335 
250,000 275,000 2,215 1,040 670 360 
275,000 300,000 2,275 1,075 690 385 


Notes for Table 1 


Note 1. “Explosives” means any chemical compound, mixture, or device, the primary or common 
purpose of which is to function by explosion, i.e., with substantially instantaneous release of gas and 
heat, unless such compound, mixture, or device is otherwise specifically classified by the Inter-State 
Commerce Commission. 

Note 2. “Magazine” means any building or structure, other than an explosives manufacturing build- 
ing, used for the permanent storage of explosives. 

Note 3. “Natural Barricade” means natural features of the ground, such as hills, or timber of suffi- 
cient density that the surrounding exposures which require protection cannot be seen from the magazine 
when the trees are bare of leaves. 

Note 4. ‘‘Artificial Barricade" means an artificial mound or revetted wall of earth of a minimum 
thickness of three feet. 

Note 5. '"Barricaded" means that a building containing explosives is effectually screened from a 
magazine, building, railway, or highway, either by а natural barricade, or by an artificial barricade of 
such height that a straight line from the top of any sidewall of the building containing explosives to the 
eave line of any magazine, or building, or to a point twelve feet above the center of a railway or high 
way, will pass through such intervening natural or artificial barricade. 

Note 6. When a building containing explosives is not barricaded, the distances shown in the Table 
Should be doubled. 

Note 7. ‘Inhabited Building" means a building regularly occupied in whole or in part аз a habitation 
for human beings, or any church, schoolhouse, railroad station, store, or other structure where people 
are accustomed to assemble, except any building or structure occupied in connection with the manufac- 
ture, transportation, storage, or use of explosives. 

Note 8. “Railway” means any steam, electric, or other railroad or railway which carries passengers 
for hire. 
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Notes for Table 1—(Continued) 


Note 9. “Highway” means any public street or public road. 

Note 10. When two or more storage magazines are located on the same property, each magazine must 
comply with the minimum distances specified from inhabited buildings, railways, and highways, and in 
addition, they should be separated from each other by not less than the distances shown for ''Separation 
of Magazines," except that the quantity of explosives contained in cap magazines shall govern in regard 
to the spacing of said cap magazines from magazines containing other explosives. If any two or more 
magazines are separated from each other by less than the specified "Separation of Magazines" distances, 
then such two or more magazines, as a group, must be considered as one magazine, and the total quantity 
of explosives stored in such group must be treated as if stored in a single magazine located on the site of 
any magazine of the group, and must comply with the minimum of distances specified from other maga- 
zines, inhabited buildings, railways, and highways. 

Note 11. The Institute of Makers of Explosives does not approve the permanent storage of more than 
300,000 pounds of commercial explosives in one magazine or in a group of magazines which is considered 
аз one magazine. 

Note 12. This Table applies only to the manufacture and permanent storage of commercial explo- 
sives. It is not applicable to transportation of explosives, or any handling or temporary storage neces- 
sary or incident thereto. It is not intended to apply to bombs, projectiles, or other heavily encased ex- 
plosives. 

Note 13. All types of blasting caps in strengths through No. 8 cap should be rated at 134 pounds of 
explosives per 1,000 caps. For strengths higher than No. 8 cap, consult the manufacturer. 


DISTANCE 
IN FEET 
10,000 





SR 





10,000 100,000 200,000 
WEIGHT OF EXPLOSIVE IN POUNDS 
Figure 14.1. Limits of damage versus charge mass in accidental explosions. 


the cube root law (а = 44) for charges above be approximately the square root law 
10° lb, and a power law greater than a = 34 (а = }4) all the way. While the equation 
for smaller charges, the results of Miles’s Simi = 6M*” for Simi in feet agrees approxi- 
study seem to show that the correct law may mately over the whole range with the sta- 
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tistical average of the data, the equation 
Simi = 28M", which agrees with the above 
equation at M = 10‘, deviates markedly 
from the observed statistical average data 
of the very large charges. The British War 
Office plot giving the recommended mini- 
mum safe range as given by Miles also fol- 
lows the square root law above М = 10‘ Ib, 
but employs an even slightly higher value of 
afor M < 10*. 

Poulter presented data on minor plaster 
damage in which average distance followed 
approximately the equation Šmp = 
ЯМ"? = 16 М“? for 100- to 1,000-Ib charges. 
His extreme-distance data for charges in this 
range of size also followed approximately the 
square root law with Simp = 70 ft-lb ^, 

Theoretically, one should replace M in the 
above equations by the factor MnT,/n.7' , 
where nT, is the nT product for a given ex- 
plosive and noT. that for the standard ex- 
plosive, say TNT, at the point where the 
gases have expanded to atmospheric pres- 
sure. The use of this correction factor in the 
equation 


8; = SM! (14.3) 


for the limit of damage appears, in fact, to 
improve the correlation, especially for the 
largest accidental explosions involving such 
high-grade explosives as Torpex. On this 
basis S; would be about twice as great for 
the most energetic explosives (e.g., Torpex) 
than for the least, such as FGAN. Moreover, 
one might then also include results of atomic 
and hydrogen explosives in which S; would 
be possibly 10° to 10° times greater than for 
TNT. 

As to whether the cube root law, the 
square root law, one between these two, or a 
still higher one should apply is theoretically 
based on whether the damage criterion 
should involve v, , J or є. If it involves хи, 
the cube root law will apply; if it is e, the 
square root law applies; if it involves simply 
the impulse 7, a two-thirds-power law would 
apply in air blast. The evidence suggests, 
therefore, that the criterion for damage is 
the energy per unit area of the wave, al- 
though the data apparently are not suffi- 
ciently consistent to allow one to be sure. 
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The limiting range Sins for serious struc- 
tural damage based on the correlation given 
by Robinson for 100,000 1b of TNT should 
be about one-fourth that for minor struc- 
tural damage. Hence Sima should be about 
1.5 ft-Ib "^ in the square root law, but 7.0 
ft-Ib "^ for the cube root law. 

The values of the limit of damage S; and 
Si for other damage criteria, e.g., limit of 
earth damage, intraplant distance, in- 
habited-building distance, etc., may be de- 
termined from the graph given in the frontis- 
piece of Robinson's book for 100,000 1b of 
TNT using the appropriate equation (prob- 
ably Equation 14.3) to determine the influ- 
ence of charge size taking into account the 
ratio nT4/n,T,, mentioned above. However, 
in one case, namely crater diameter, the 
theory discussed in Chapter 10 appears to 
require the cube root instead of the square 
root law. 


Limits of Damage by Ground Blast 
Waves 


When concerned with damage to struc- 
tures from demolition shots, many think of 
ground shock as being the main contributing 
factor. Although ground shock is, in reality, 
seldom an important factor in producing 
damage, considerable emphasis has been 
placed on it because of some popular mis- 
conceptions concerning its importance. The 
velocity, amplitude, and dominant fre- 
quency of ground disturbances propagating 
over a given distance vary, as mentioned in 
Chapter 13, in different geological strata. 
The amplitude and frequency are, of course, 
also somewhat a function of the charge size. 
When recording ground-wave disturbances, 
two or more separate waves are normally 
encountered unless the distance from the ex- 
plosion is great. These consist of direct 
ground waves generated by the detonation, 
which propagate to the recording station via 
the earth, and an induced ground disturbance 
that is created by transmission of energy 
from the air blast wave to the ground as the 
air blast impacts it. This induced ground dis- 
turbance is received at the recording station 
simultaneously with the air shock and some- 
what later than the direct ground wave, un- 
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less the frequency of the air shock matches 
the natural ground shock frequency, in 
which case the induced ground shock ex- 
tends sometimes ahead, sometimes in back, 
and sometimes both ahead and in back of 
the air shock wave. Depending upon the 
type of strata, more than one direct ground 
wave may be recorded. Such additional dis- 
turbances may be attributed to waves 
traveling along different paths within the 
earth, possibly penetrating deeper and being 
returned to the surface by refraction, reflec- 
tion, or actual bending of a given stratum 
toward the earth’s surface. 

When concerned with possible damage in- 
flicted on structures through vibration in- 
duced by either ground or air disturbances, 
one generally first looks for cracks in walls 
or ceilings. However, it should be kept in 
mind that plaster may crack from many 
causes other than explosion vibrations. 
“Monthly Service Bulletin 44” of the Archi- 
tect’s Small House Service Bureau of the 
United States, Inc., lists 40 reasons why 
walls and ceilings crack, as follows: Building 
a house on a fill; failure to make the footings 
wide enough; failure to carry the footings 
below the frost line; width of footings not 
made proportional to the loads they carry; 
the posts in the basement not provided with 
separate footings; failure to provide a base 
raised above the basement floor line for the 
setting of wooden posts; not enough cement 
used in the concrete; dirty sand or gravel 
used in the concrete; failure to protect beams 
and sills from rotting through dampness; 
setting floor joists one end on masonry and 
the other on wood; wooden beams used to 
support masonry over opening; mortar, 
plaster, or concrete work allowed to freeze 
before setting; braces omitted in wooden 
walls; sheathing omitted in wooden walls 
(excepting in “backplastered” construction); 
drainage water from roof not carried away 
from foundations; floor joists too light; floor 
joists not bridged; supporting posts too 
small; cross beams too light; subflooring 
omitted; wooden walls not framed so as to 
equalize shrinkage; poor materials used in 
plaster; plaster applied too thin; laths placed 
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too close together; lath run behind studs at 
corners; metal reinforcement omitted in 
plaster at corners; metal reinforcement 
omitted where wooden walls join masonry; 
metal lath omitted on wide expanses of 
ceiling; plaster applied directly on masonry 
at chimney stack; plaster applied on laths 
that are too dry; too much cement in the 
stucco; stucco not kept wet until set; sub- 
soil drainage not carried away from walls; 
first coat of plaster not properly keyed to 
backing; floor joists placed too far apart; 
wood beams spanned too long between posts; 
failure to use double joists under unsup- 
ported partitions; too few nails used; rafters 
too light or too far apart; failure to erect 
trusses over wide wooden openings. 
Experimental studies of Thoenen and 
WindesC^- 13, Ref. 13 on structural damage 
consisted of vibrating ceiling, floor, and wall 
panels of houses by means of a mechanical 
shaker, the shaker being adjustable over a 
wide range as to the frequencies and ampli- 
tudes of the disturbances which it created. 
The amplitudes of these induced disturb- 
ances were measured by means of a seis- 
mometer, and then the effects of the 
mechanically induced vibrations were cor- 
related with vibrations produced by quarry 
blasting. Their studies disclosed that the 
initial indications of damage are the exten- 
sion of old cracks in plaster and possibly dust 
falling from them. As the severity of the 
disturbance is increased, new, fine cracks are 
formed, and the plaster may flake or spall 
slightly. Still more intense vibration will pro- 
duce larger cracks, and under certain condi- 
tions areas of plaster may loosen and fall. 
Damage to foundations, pipes, walls, etc., 
required much more intense ground shock. 
Some have maintained that damage may 
result from a minimum disturbance if the 
dominant frequency of the ground wave 
equals one of the resonant frequencies of the 
structure, since under such conditions, as 
long as the wave persists, the amplitude of 
the structure’s vibrations corresponding to 
the frequency would increase to a value 
limited only by the damping inherently pos- 
sessed by the structure. The Bureau of 
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Mines investigations showed, however, 
through vibrating wall and floor panels at 
their resonant frequencies by means of a 
mechanical shaker, that resonant-type dam- 
age was no more likely than damage pro- 
duced at other frequencies because of the 
large inherent damping possessed by the 
structures tested. 

One of the important end results of the 
investigation by Thoenen and Windes was 
the establishment of an index of damage to 
structures resulting from ground shock. This 
index was expressed as follows: 


4nf?A 


I 
129 


(14.4) 


where Г is here the damage index, A the 
maximum displacement (displacement am- 
plitude) of the building’s ceiling or wall 
panels, etc. (inches), f the frequency (cycles 
per second), g the acceleration of gravity 
(32.2 ft/sec’). 

Initial indications of damage were found 
for indices in the range from 0.1 to 1.0. No 
damage whatsoever was noticed for indices 
I below 0.1, and, therefore, structural vibra- 
tions possessing accelerations below 0.1 g 
may be considered perfectly safe. In terms of 
the geophones employed by the Explosives 
Research Group, which are of the velocity 
type rather than the displacement type used 
by the U. S. Bureau of Mines, the above 
index may be expressed as 


2xfA, 
12gK(f) 





(14.5) 


where A, is the amplitude of the geophone 
output in volts (proportional to the velocity 
of the surface on which the geophone is 
placed) and K(f) is the suitable calibration 
factor, a function of frequency, which is re- 
quired to reduce the voltage output of the 
geophone to velocity in inches per second. 
Frequently, when one is interested in de- 
termining whether or not a given level of 
ground disturbance will produce damage to 
a structure in the vicinity, one wishes to base 
conclusions upon the magnitude of the 
ground disturbance itself rather than actual 
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measurements of vibration within a struc- 
ture. In this case the index may be computed 
from actual motion of the earth’s surface 
under influence of ground shock. Thoenen 
and Windes, in computing this index, used 
the amplitude of the earth’s motion and the 
natural frequency of the structural elements 
in question rather than the frequency of the 
ground wave, the reasoning being that the 
structure would be shocked into motion 
with an amplitude approximately equal to 
the ground-wave amplitude, and then, be- 
cause of the relatively short duration of the 
wave, the structural element would vibrate 
at its own natural frequency. In computing 
indices from data obtained from explosives 
demolition shots measured by the Explosives 
Research Group,’ the frequencies of the 
waves themselves were used, and since 
ground shock frequencies may be as much as 
10 times larger than the natural frequencies 
of structural elements, these indices may be 
100 times higher than one computes by the 
method of Thoenen and Windes. This was 
done to make certain that ground shock 
effects could not possibly be underestimated. 

Expressing the index of damage as an ac- 
celeration does not mean that acceleration is 
the actual criterion of damage, but simply 
that the use of acceleration as an index gives 
a workable method for determining the im- 
minence of damage. Thoenen and Windes 
also expressed a damage criterion in terms of 
the displacement amplitude and the duration 
of the disturbance, i.e., the total impulse of 
the wave, and they gave a value of Мо-ш. 
amplitude for 1 sec as the level required to 
do minor damage to normal dwellings. In 
practice, most ground disturbances last 
only a fraction of 1 sec, although there are 
cases where the induced ground shock may 
cause the underlying strata to continue to 
vibrate for considerable time by continuous 
reinforcement from the air blast wave. These 
vibrations are of very low level, however, 
and may be disregarded as far as damage is 
concerned. In terms of the equipment em- 
ployed by the Explosives Research Group, 
the displacement amplitude of the ground- 
wave disturbance may be expressed approxi- 
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mately as 


A, 


Results of explosion-generated seismic 
studies show that the high-frequency com- 
ponents are, in general, damped much more 
rapidly than the low-frequency ones. At the 
limits of possible ground shock damage, one 
is therefore dealing only with the relatively 
low-frequency modes. Thoenen and Windes 
give 15, 5, and 10 as the average overburden, 
abnormal overburden, and residential domi- 
nant frequencies, respectively. The limit of 
damage S; and the minimum safe range S; 
may therefore be set for the upper-limit case 
(normal overburden) by means of the in- 
dices Г, = 1.0 = 22.5 Аг and Г, = 0.1 = 
22.5 Ат", giving Ar^ = 0.045 in. and 
Аз = 0.0045 in. One may then use Equa- 
tion (13.21) or tabulations of actual meas- 
ured displacements to estimate the cor- 
responding damage limit from observed 
AT^ and the minimum safe ground shock 
distance from confined shots up to 15,000 Ib 
TNT equivalent. Unconfined shots will gen- 
erate less ground shock and need not, there- 
fore, be considered from the viewpoint of 
upper-limit ground shock damage potential. 


TABLE 14.2. S; AND S, VALUES тов CONFINED 
Внотв AND OTHER 8; VALUES FOR UNCONFINED 
Внотв RaNGING IN Size РВОМ 100 to 15,000 LB 
(TNT EQUIVALENT) (FOR THE S;/'s IN FEET) 











Cnm $i $1 Simat | Smit | Smot | Set 
100] 100 900 15 60 160] 1,900 
500] 100 | 1,500 34 | 130 350) 3,200 

1,000] 300 | 2,100 47 | 190 500] 4,000 

2, 600 | 2,700 67 | 270 720] 5,200 

3,000] 800 | 3,300 82 | 330 880] 5,900 

4,0001 1,000 | 3,700 95 | 380 | 1,000) 6,500 

5, 000] 1,200 | 4,000 | 106 | 425 | 1,130] 7,000 

10,000] 1,500 | 5,000 | 150 | 600 | 1,600) 8,800 

16,000] 1,800 | 6,000 | 183 | 730 | 1,950/10,000 


t Assuming the square root law. Multiplication 
of these data by & factor of about 3.0 will, in gen- 
eral, include maximum fluctuation from the aver- 


t Using the cube root law and S, from Poulter’s 


data; plate-glass breakage, according to Cox, may 
occur at greater distance. 
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Table 14.2 presents the values S; (maximum 
ground shock damage range in feet) and 5 
(minimum ground shock safe range) for 
charges ranging from 100 to 15,000 Ib (TNT 
equivalent), based on results tabulated for 
average overburden by Thoenen and Windes 
obtained with confined shots and the above 
Ar" and A$"' values. Included also in 
Table 14.2 are the values Sims (average limit 
of major air blast damage), 8 (probable 
limit of plaster damage) and S, (limit of 
window breakage) from unconfined shots of 
the same size range. The S, and S; distances 
in Table 14.2, as mentioned, are upper-limit 
distances for the type of damage considered. 
For instance, amplitudes could be 2.2 times 
greater and distances Sı and S; less than 
half as great for 10-cycle-per-second seismic 
waves which are more likely at the limiting 
distance for damage than 15-cycle-per- 
second waves. 

While additional studies are needed to ex- 
tend predictions of ground shock damage po- 
tential to larger-size blasts, there is no reason 
to expect that the Sı, S; versus f(M) law 
will involve а power law in M greater than 
the two-thirds law, possibly no greater than 
the square root law [Equation (14.3)]. 

With the possible exception of glass break- 
age resulting primarily from improper 
mountings, no damage will result from explo- 
sion of 15,000 lb (TNT equivalent) or less at 
distances beyond those shown in Table 14.2 
(corrected in the case of Simi, Sima, and Say 
for deviation from the mean by multiplica- 
tion by 3.0). However, for many years the 
explosives industry and military establish- 
ments have been plagued with complaints of 
damage from confined and unconfined blasts 
at distances far beyond the limits shown in 
Table 14.2. Such complaints, while in general 
without foundation, have led to extensive 
studies of air blast and ground shock at dis- 
tances quite beyond the range of potential 


Variability in Long-Range Air Blast 
Propagation 

In the range beyond the damage limits, air 

blasts, while nondestructive, are observed to 
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be extremely variable and depend critically 
on meteorological conditions.!:‘ Variability 
itself has a psychological influence on 
observers. Let us therefore consider some of 
the important factors that contribute to 
variability in propagation and the observed 
hop-skip-jump characteristics of air blast at 
long range. 

The characteristics of blast-wave propaga- 
tion from large unconfined shots, such as in 
the demolition activities carried on exten- 
sively in ordnance depots, present an in- 
teresting technical problem. Why, for exam- 
ple, can the disturbance from a demolition 
shot received at a given location appear in- 
tense at one time while at another time the 
demolition of a similar shot may not even be 
noticeable at the same location? Why is a 
large air blast hardly audible at one point, 
while at another point even several miles 
farther away it may be quite loud? The an- 
swer to these and similar problems is to be 
found in the influence of meteorological con- 
ditions existing throughout the area at the 
time of the shot; winds and temperature 
fluctuations determine the propagation ve- 
locity and intensification or diminution of 
the disturbance in various directions and at 
various altitudes. (The common supposition 
that blast waves may be reflected from the 
lower surface of clouds is unfounded.) Ini- 
tially, the propagation velocity is greater 
than sonic velocity, but after relatively short 
distances of travel, blast and sound waves 
have the same velocity and are influenced 
identically by meteorological conditions. 
The pertinent variables which affect sound 
velocity measured with respect to the earth, 
are temperature, wind velocity, and humid- 
ity. In still, dry air the sound velocity may 
be expressed by the equation C = 44.8977” 
(mph). Winds affect the velocity of sound 
with respect to the earth because they repre- 
sent motion of the medium itself. That is, 
sound traveling in the down-wind direction 
is carried along with the wind, much as a 
motorboat traveling downstream is carried 
along by the current, while traveling up- 
wind, the velocity of sound with respect to 
the earth is decreased. The effects of winds 
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are directional. Under the influence of winds, 
the sound-wave velocity with respect to the 
ground (at any given altitude) is 


У =C+U сов 0 (14.7) 


where C is the sound velocity in still air at 
the temperature in question, U is the wind 
velocity for the altitude of interest, and 0 is 
the angle between the down-wind direction 
and the direction for which the sound veloc- 
ity is desired. Humidity exerts only a rela- 
tively small influence on sound velocity and 
may usually be disregarded. 

Consider, first, sound generated by a large 
unconfined blast during the rare circumstance 
of the atmosphere being perfectly still and 
isothermal. Wave propagation in this ideal 
situation is illustrated in Figure 14.2. The 
velocity of sound in all directions will be 
equal, which means that the wave front will 
always be in the form of a hemisphere with 
its center coincident with the source of the 
wave, and the sound rays will extend radi- 
ally from the source. Changes in meteoro- 
logical conditions, however, can alter this 
result appreciably. If temperature and wind 
conditions are such as to produce a greater 
sound velocity in a given direction some 
distance above the earth’s surface, a sound- 
speed inversion is said to exist, and parts of 
the blast energy may be returned to the 
earth, in the direction of the velocity in- 
crease, by refraction and, thereby, produce a 
louder disturbance at the regions of return. 
Intuitively this phenomenon may be seen to 
occur as follows: Since the propagation 
velocity varies with altitude, the wave front 
can no longer be hemispherical in shape. Be- 





Figure 14.2. Sound-wave propagation from un- 
confined shot in still, isothermal air. 
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cause the wave front must remain continu- 
ous and the direction of propagation at any 
infinitesimal portion of the wave front is at 
right angles to the front, a lagging of a sec- 
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Figure 14.3. Sound-wave propagation from a 
demolition shot for sound velocity increasing 
uniformly with altitude. 





Figure 14.4. Sound-wave propagation from un- 
confined shot where C decreases with altitude. 





Figure 14.5. Sound-wave propagation under 
conditions of a type I sound-speed inversion im- 
posed by temperature inversion. 
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Figure 14.6. Sound-wave propagation under 
conditions of a type II sound-speed inversion im- 
posed by temperature inversions. 
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tion of the wave will cause the wave front 
to turn or refract in that direction, much as 
a rowboat is turned toward an oar which is 
dragging (Figure 14.3). 

If the sound velocity decreases with alti- 
tude, the rays are bent upward, sound is not 
returned to the earth, and conditions are 
then most ideal for demolition activities be- 
cause nearly all the blast-wave energy will 
be expended in the atmosphere. This situ- 
ation is shown in Figure 14.4. Under such 
conditions a 100-Ib shot, for example, may 
not even be heard a few thousand feet from 
a blast. 

There are various types of sound-speed 
inversions which may prevail. The three 
most common types will be discussed here. 
Consider first the effects of temperature. 
Figure 14.5 illustrates conditions in a simple 
type I sound-speed inversion produced by a 
temperature inversion which begins at 
ground level and extends upward a few 
thousand feet. With this condition no zones 
of silence will be present, and to a listener 
the noise will be a rumble of relatively long 
duration. This result is due to the fact that 
sound rays reach the listener after different 
numbers of reflections and, consequently, at 
somewhat different times, since the acousti- 
cal path length will be different for each ray. 
Note that the temperature influences are 
nondirectional, producing the same result 
irrespective of direction from the shot. 

Figure 14.6 gives similar illustrations for a 
type II sound-speed inversion produced by 
temperature effects only. Under these cir- 
cumstances a zone of silence or of relatively 
low-intensity disturbance exists in the region 
of the shot, and sound return occurs at 
greater distances. A narrow zone of increased 
intensity occurs, and a bundle of rays form- 
ing a focus also may result with this type 
inversion. In such a zone the disturbance 
will sound especially loud and sharp because 
all the rays within this bundle travel equal 
acoustical path lengths; i.e., they arrive at 
this zone at the same time. Incidentally, de- 
structive focusing may occur with more com- 
plex forms of type I inversions, namely, those 
which possess velocity-altitude profiles ex- 
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hibiting two or more slopes such that the 
velocity increases with altitude are greater 
for higher altitudes. The conditions and re- 
sults for a type III sound-speed inversion 
are given in Figure 14.7. This situation may, 
under proper conditions, also yield a zone of 
focus which, in addition, will be reinforced by 
rays reflected from the ground and returned 
by the surface inversion. Within the zone 
nearest the shot site the noise will be a 
rumble of relatively long duration, while in 
the zone of focus the noise will be loud and 
sharp accompanied by a rumble. 

Winds may affect the propagation of 
sound in a manner similar to temperature 
by producing sound-speed inversions. How- 
ever, as mentioned previously, their effects 
are directional. Consequently, when winds 
exist, as is usually the case, the sound veloc- 
ity versus altitude relationships must be 
considered separately for every direction of 
interest. Figures 14.8 and 14.9 show the 
situations existing downwind and upwind 
for a positive wind-velocity—altitude gradient 
and a negative wind-velocity-altitude gradi- 
ent, respectively. Note that а positive wind- 
altitude gradient (in a constant-temperature 
atmosphere) produces return downwind, 
while a negative wind-altitude gradient pro- 
duces return upwind from the demolition 
site. If the characteristics of sound propaga- 
tion are to be determined for directions other 
than parallel to the wind, one need merely 
employ the component of wind velocity in 
the particular direction under consideration, 
as mentioned previously. 

In actual practice the effects of wind and 
temperature must be taken into considera- 
tion jointly, because isothermal or zero- 
gradient wind conditions are seldom encount- 
ered. To combine the effects of temperature 
and wind velocity, one first makes a 
sound speed versus altitude plot as a func- 
tion of temperature only, assuming the air 
to be still. Then, after deciding the direction 
of interest, the components of the wind- 
velocity—altitude correction in a desired di- 
rection are added to this profile, giving the 
actual sound-velocity profile. From this pro- 
file the points of return are determined. The 
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formulas involved in calculating points of 
return for types I, II, and III sound-speed 
inversions were presented by Cox, et al.‘ 
from considerations pertaining to blasts 
from nuclear weapons. The same principles, 
of course, apply for ordinary explosives, the 
only difference being that the latter blasts 
are much smaller, and, as a consequence, 
one generally need only concern himself with 
points of return within, say, 15 miles. For 
conditions normally encountered, sound- 
speed profiles below 5,000 ft are the only 
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Figure 14.7. Sound-wave propagation under 
conditions of a type III sound-speed inversion im- 
posed by temperature inversions. 
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Figure 14.8. Sound-wave propagation under 
conditions of constant temperature and a positive 
wind gradient. 


Figure 14.9. Sound-wave propagation under 
conditions of constant Т and a negative wind- 
altitude gradient. 
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ones which require consideration, because 
return caused by conditions at greater alti- 
tudes will ordinarily occur too far from the 
demolition point to be of concern with ordi- 
nary explosives and sizes not exceeding 
15,000 Ib. 

The foregoing discussion of sound refrac- 
tion is based on assumed laminar flow of air 
in an atmosphere with no vertical currents, 
but such a situation is rare. Strong horizon- 
tal winds tend to produce eddy currents in 
the vicinity of obstructions or other discon- 
tinuities located on the surface. Such eddy 
effects also tend to produce vertical air cur- 
rents. In fact, winds are generally too dis- 
ordered, at least below the 5,000-ft level 
which is of primary interest in connection 
with open-air shots of less than about 15,000 
Ib, to cause significant return of sound. Cer- 
tainly, when one considers the disorder of 
winds, destructive focusing mentioned in con- 
nection with type II, type III, and special 
type I sound-speed inversions, is considered 
highly improbable as a result of winds only. 
Another fact to consider is that winds tend 
to produce & negative temperature gradient 
in the atmosphere (the situation opposite to 
& temperature inversion) which would op- 
pose the effects of wind gradients in addition 
to their generally disordered flow. As а re- 
sult, temperature inversions are considered 
to be much more troublesome than wind 
gradients. In fact, the presence of wind gen- 
erally indicates that the conditions are not 
conducive to destructive focusing, although 
there may be a possibility of some return of 
sound. When contemplating demolition ac- 
tivities, one should, therefore be especially 
concerned when the air is relatively still and 
& possibility exists for & temperature inver- 
sion. 


Psychophysiological Factors in Long- 
Range Air Blast 

Sound is the result of fluctuations in pres- 
sure propagated through an elastic medium. 
At a fixed point in air through which a sound 
wave propagates, the air pressures fluctuates, 
usually somewhat aperiodically, above and 
below atmospheric pressure. The maximum 
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pressure difference above atmospheric pres- 
sure is called the pressure amplitude. The 
intensity of a sound wave is the time average 
rate at which energy is transported by the 
wave per unit area across a surface perpen- 
dicular to the direction of propagation, and 
for sound waves of single frequency is given 
by the expression [ = «i/piC. Because of 
the large range of intensities to which the ear 
is sensitive, it is convenient to express sound 
intensity on a logarithmic scale. Accordingly, 
the intensity level of sound £, defined by the 
expression 


В = 10 log I/I. (14.8) 


has been adopted as a convenient variable 
for comparison of sound intensities. Here J, 
is the reference intensity, 10 !* watt/cm’. 
When considering the ear as a sound-meas- 
uring device, its characteristics and limita- 
tions must be kept in mind. Sound waves 
traveling down the ear canal strike the ear- 
drum, causing it to vibrate.Then vibrations 
are transmitted by various organs finally to 
the auditory nerve terminals, about 30,000 
of which are in each ear. The magnitude of 
the hearing sensation is termed loudness and 
is assumed to be proportional to the number 
of nerve impulses reaching the brain. Al- 
though loudness is related somewhat to sound 
intensity, it is a subjective attribute of the 
sound wave and is a very unreliable measure 
of intensity, certainly if absolute values are 
required. It is true that if two sound waves 
of a single and equal frequency are com- 
pared, the loudness sensation varies some- 
what as the intensity level. That is, the loud- 
ness sensation produced by a sound wave of 
intensity level of, say, 60 db exceeds the 
loudness sensation produced by the same 
type of wave of intensity level 40 db by ap- 
proximately the same amount as the sensa- 
tion produced by the 40-db wave exceeds 
that produced by a wave of intensity level 
20 db. The above is not true for noise; noise 
such as that produced by an explosion 
possesses actually a continuum of fre- 
quencies, and the loudness sensation from 
such waves will not be related directly to the 
intensity level. This is because the ear is a 
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nonlinear instrument the response of which 
varies with frequency. At low intensity levels 
the ear is most sensitive to frequencies in the 
vicinity of 2,000 cycles per second, and sen- 
sation decreases rapidly with both increases 
and decreases in frequency. At higher in- 
tensity levels, near 100 db, which corre- 
sponds to a pressure amplitude of 0.04 psf, 
the response is fairly flat. If the pressure 
amplitude corresponding to the various fre- 
quency components of two noises is con- 
siderably below 0.04 psf, two noises may be 
of equal intensity but different loudness, the 
louder noise containing more high-frequency 
components. Another property of the ear 
which is probably even more important as 
far as explosive blasts are concerned is the 
fact that the normal ear cannot hear fre- 
quencies below 20 cycles per second. Finally, 
estimates of absolute magnitudes of sound 
intensity by audible means may be influ- 
enced considerably by the observer’s frame 
of mind. For example, if a housewife is con- 
cerned with noise that might awaken her 
child, they may appear louder to her than to 
one who is less concerned. 


Equipment for Measurement of Blast 
Waves at Long Range 


Special equipment is required to obtain 
absolute quantitative measurements of the 
air and ground disturbances created by un- 
confined blasts at long range. At distances 
from the point of demolition which are of 
practical interest, most of the energy carried 
by both the ground and air blast waves lies 
in a low-frequency range. This result, as 
mentioned, is due to the fact that the high 
frequencies attenuate much more rapidly 
than the low-frequency components, and the 
detonation of an explosive generates waves 
rich in low frequencies. Suitable instruments 
possessing the low-frequency response re- 
quired are not generally available commer- 
cially. The type of instrumentation de- 
veloped by the Explosives Research Group' 
is briefly described here. A low-frequency, 
FM, narrow-band microphone system was 
developed to record the sound wave in the 
range from 2 to 10,000 cycles per second, (2 


Google 


365 


to 100 cycles per second when using a Brush 
recorder because this instrument has only 
limited high-frequency response) at pressures 
as low as 0.01 psi. Two other microphone 
systems were also employed: (1) an FM 
wide-band microphone system and (2) an 
Altec Lansing microphone and amplifier 
system Model No. 14. The latter two instru- 
ments were discontinued after initia] sur- 
veys, although all systems were capable of 
yielding accurate absolute data. А block 
diagram is given as follows: 

I. FM narrow-band system. This system 
consisted of: (1) Altec Lansing microphone, 
type 21BR-150. (2) 24-mc FM oscillator. 
(3) FM narrow-band microphone amplifier 
and discriminator. (4) Recorder (Brush am- 
plifier and recorder and FM tape recorder). 


| Microphone | 
Oscillator 


FM Amplifier 
and discriminator 










FM 
tape recorder 


Brush amp 
and recorder 


` 


Ground shock recordings were taken with 
velocity-type, low-frequency seismometers 
capable of measuring displacements in 
ground vibration as low as 107” in. According 
to the amplitude criterion, these limits are 
of the order of one-millionth of the lowest 
levels which might possibly cause damage. 
Two seismometers were employed: (1) A 
Houston Technical Laboratories S-36 seis- 
mometer with a natural frequency of 2 cycles 
per second; this instrument was designed 
specifically for low-frequency work in the 
field. (2) A Southwest Industrial Electronics 
8-16 geophone with a natural frequency of 
18 cycles per second which was used in the 
field, specifically in residential structures, to 
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determine the displacement amplitudes ге- 
sulting from the natural frequencies of par- 
ticular structural components. These instru- 
ments have been compared in the field, and 
the results indicate that the S-36 is approxi- 
mately 10 times more sensitive than the S-16. 
Amplifier integrators were designed to cor- 
rect the response for output linearity, but 
fundamental investigations revealed that 
the recordings were less sensitive when the 
integrators were used. In view of this un- 
satisfactory condition, all recordings with 
the low-frequency geophones were made 
with the geophone heads connected directly 
to recording instruments, and suitable fac- 
tors were applied to correct for the resulting 
nonlinearity. A block diagram of the geo- 
phone system is shown below. 

II. Geophone system: (1) Low-frequency 
geophone (HTL-VLF Model S-36 and SIE 
Model S-16 geophone). (2) Recorder (Brush 
amplifier and recorder and FM tape re- 
corder). 


Geophone 





Brush amplifier 
and recorder 


FM amplifier 
and discriminator 


FM tape recorder | 


The recording equipment for air and 
ground shock intensity measurements was 
mounted in a closed truck, and power was 
furnished by a 110-volt, A-C,gasolinedriven, 
portable generator, while voltage fluctua- 
tions from the generator were controlled by 
а Sorensen voltage regulator. This type of 
setup for the equipment was conveniently 
portable and provided for satisfactory oper- 
ation. 

Аз has been discussed, the magnitude of 
air disturbances received from demolition 
shots at distances of interest is intimately 
connected with the existing meteorological 
conditions. Therefore, during surveys of 
blast characteristics surrounding demolition 
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areas, as much weather data should be col- 
lected as possible. In many such surveys 
conducted by the Explosives Research 
Group, temperature data were obtained with 
an automatic recording Friez Aerometeoro- 
graph which was mounted under the wing of 
a light aircraft. The aircraft was flown back 
and forth over the demolition area prior to 
firing a series of shots, so as to obtain a con- 
tinuous record of temperature at altitudes 
between the surface and 3,500 ft above the 
surface. 

Another method that has been used to 
obtain temperature-altitude and wind-alti- 
tude data in studies at the Explosives Re- 
search Group test site at Tooele Ordnance 
Depot is a kytoon, or tethered balloon, with 
a rudder to cause it to face into the wind 
and with temperature- and wind-sensing ele- 
ments attached. Wind direction is apparent 
from visual observations of the kytoon 
heading and altitude from the amount of 
kytoon cable played out, and, when neces- 
sary in high winds, by triangulation correc- 
tions. Temperature- and wind-velocity meas- 
urements were recorded on ground by means 
of a calibrated wedge attached to the sensing 
elements by a very light, strong, three- 
conductor cable which also served as a means 
of tethering the kytoon. The sensing ele- 
ments were sensitive thermistors, one being 
used for temperature, and this, combined 
with a second matching thermistor, for 
wind-velocity measurements. 


Summary of Results of Long-Range Air 
Blast Studies 


Data on long-range air blast propagation 
have been obtained in extensive studies by 
the Explosives Research Group at Tooele 
Ordnance Depot and in surveys conducted 
at 14 other ordnance depots throughout the 
United States. Presented below is a sum- 
mary of some of the more important observa- 
tions and recommendations for reduction of 
noise. 

Frequencies in air blast waves cover а 
wide band, including not only the audible 
but also both infra- and ultrasonics. Figure 
14.10 shows the results of a frequency analy- 
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Figure 14.10. Relative amplitude versus frequency analysis of blast wave at 35,000 ft from unconfined 


100-1b Composition B shot. 


TABLE 14.3. Buast Waves MEASURED SIMUL- 
TANEOUSLY AT 0,500 rr AND 30,200 rr FROM 
TNT 8нотв AT TooELE ORDNANCE DEPOT— 
Same WEATHER CONDITIONS 


Dominant — 


M (b) | Cover ree e m D de 
4 — — f ft 
at 6,500 ft|at 30,200 ft 

100 | None 12 5.5 0.5 0.033 
1,000 2 10 4.2 0.9 0.040 
1,000 2 10 4.5 1.2 0.030 
5,000 6 8 2.7 0.022 
5,000 6 8 6.0 3.3 0.017 
10,000 10 5.5 8.2 0.040 


sis between 2.5 and 80 cycles per second of 
the blast wave from а 100-Ib Composition B 
charge detonated in air, the analysis being 
made of the waves recorded at 35,000 ft 
from the blast. This shows that the domi- 
nant frequency is clearly ill-defined, even in 
& detailed frequency analysis such as this. 
While а peak intensity occurred at 8 cycles 
per second, the peak was really a rather 
broad band ranging from about 4 to 40 cycles 
per second. The greatest proportion of the 
blast-wave energy is generated in the low- 
frequency range below 100 cycles per second. 
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Moreover, the higher-frequency components 
attenuate rapidly and disappear at long 
range, according to classical sound-wave 
theory, the absorption coefficient of sound 
varying directly as the square of the fre- 
quency. 

Results of measurements of the air blast 
from shots ranging from 10° to 10* Ib made 
under (nearly) constant weather conditions 
at 6,500 ft and 30,200 ft from the site of the 
blasts are shown in Table 14.3. Note the 
pronounced reduction in frequency with 
distance and the much smaller decrease of 
frequency with charge size. An analysis of 
all the blast measurements made at eight 
ordnance depots in America, by the Ex- 
plosives Research Group during a 1-уеаг 
period (see Table 14.4) showed that (sta- 
tistically) frequency followed approximately 
the equation 


/ = f.(S)M- (14.9) 


at distances between 3,000 ft to 45,000 ft 
from the shot and for charge sizes varying 
from 10 to 21,000 lb. Average values of f,(S) 
are given in Table 14.5 along with constants 
of Equation (14.10) described below. How- 


TABLE 14.4. AVERAGE AIR BLAST INTENSITY AND FREQUENCY DATA VERSUS CHARGE SIZE AND DISTANCE 
MEASURED BY THE EXPLOSIVES RESEARCH Group AT E1gHT ORDNANCE DEPOTS 





























DvniNc 1956 
M 5 Number 7 т. M 5 Number 7 т. 
(Ib) | (ft 107*) of shots | cycles/sec (Ib/ft?) (Ib) (ft 1073) of shots | cycles/sec (Ib/ft?) 
(A) Shots on or above surface 
10 3 25 19 0.8 55 3 9 28 1.55 
10 5 16 19 0.33 60 14 2 9 0.29 
10 10 3 23 0.34 75 8 10 9 1.58 
10 18 8 12 0.30 75 32 18 9 0.16 
10 32 12 13 0.60 93 3 8 12 2.02 
12 2 2 17 1.55 93 18 3 7 0.53 
12 2 2 23 8.7 100 3 4 11 8.9 
14 8 22 15 0.25 100 6 2 12 0.5 
14 13 21 15 0.24 100 8 6 11 1.35 
14 16 39 20 0.14 100 8 5 5 0.20 
14 20 6 20 0.09 100 26 17 8 0.13 
17 16 6 20 0.05 100 27 11 10 1.34 
18 16 19 13 0.20 120 3 1 15 2.6 
50 3 3 11 8.9 120 12 1 8 0.07 
50 19-23 39 12 0.13 120 14 1 10 0.42 
50 29 12 8 0.60 145 16 1 10 0.33 
50 42 12 12 0.31 150 2 4 11 8.2 
(B) Shots under 2 ft dirt cover 
10 3 8 20 0.18 50 8-10 7 17 0.19 
10 5 9 25 0.15 60 14 2 16 0.05 
10 10 9 20 0.11 100 3 2 13 1.6 
20 3 4 25 0.40 120 3 1 27 1.2 
20 6 9 16 0.13 145 16 3 11 0.38 
32 3 42 16 1.85 150 2 2 15 7.6 
32 6 20 13 0.18 200 3 1 13 8.0 
32 12 36 13 0.32 312 16 4 10 0.29 
32 24 21 9 0.10 550 12 1 10 0.40 
50 3 9 20 1.5 1,000 6 3 10 1.10 
50 6 8 19 0.21 1,000 12 1 10 0.110 
(C) Shots under 4 ft dirt cover 
50 3 2 9 0.12 500 3 1 10 8.0 
100 2 2 12 1.2 580 12 1 9 1.6 
145 16 2 11 0.08 624 16 4 9 0.39 
150 2 2 15 7.6 936 16 4 9 0.38 
200 3 2 11 3.0 1,560 16 4 10 0.61 
312 16 2 15 0.08 
(D) Shots under 6 ft dirt cover 
12 2 1 55 0.13 500 3 2 10 4.4 
50 3 1 8 0.14 1,000 3 2 10 6.9 
100 2 2 10 0.25 1,248 16 2 10 0.17 
150 2 2 10 0.65 3,350 16 4 9 0.67 
200 3 2 10 0.7 5,000 6 2 8 3.0 
5,000 30 2 9 0.02 
(E) Shots under 8 ft dirt cover (F) Shots under 10 ft dirt cover 
6,700 16 4 9 0.73 500 3 2 8 0.65 
1,000 3 2 10 4.9 
(G) Shots under 20 ft dirt cover 3,120 16 1 13 0.12 
21,000 16 1 13 0.84 10,000 6 2 45 6.60 
10,000 30 2 6 0.04 
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ever, at a given distance, f,(S) varied by as 
much as a factor of two (or more) from the 
mean. 

The influence of meteorological conditions 
is so great as regards peak pressure Tm ог 
wave intensity that it is difficult, indeed, to 
evaluate influences of charge mass and dis- 
tance on v, . This is illustrated by data pre- 
sented in Table 14.4. However, the log-log 
plots of x, versus M, other factors (except 
the uncontrollable meterological conditions) 
being held constant, led roughly to the fol- 
lowing generalization 


Ta = т". (S)M* (14.10) 


where я„,(5) showed deviations from the 
mean sometimes of a factor of 10 or more, 
and b could be determined with an accuracy 
of no better than about +0.5. The average 
results at about 36, 1, 2, and 3 miles (+25 
per cent in each case) are summarized in 
Table 14.5. However, it should be remem- 
bered that such results must be used with 
caution, because, as mentioned, air blast 
propagation is extremely sensitive to weather 
conditions. 

The influence of relatively small dirt cover 
on air blast loudness and peak pressure z, is 
very pronounced, as shown by the results in 
Table 14.5. While all measurements sum- 
marized in Table 14.5 were at distances well 
beyond the damage range, it is sometimes 
important from the psychological viewpoint 
to fire demolition shots under conditions such 
as to produce a minimum noise. This can 
be accomplished by using a dirt cover of 
depth depending on the distance from neigh- 
boring residential areas and the size of the 
shot. The importance of this factor was 
strikingly illustrated when on one occasion 
the author was asked to investigate com- 
plaints of ground shock damage at a large 
quarry in Haverstraw, New York. The 
blasting operation in this case consisted of 
simultaneously firing a number of well-drill 
holes from a common trunk line of “Ргіта- 
cord” running along the surface. Study of the 
situation showed that the cause of the air 
blast noise, which the complainant had 
thought was ground shock, was the un- 
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TABLE 14.5. APPROXIMATE AVERAGE VALUES OF 
CONSTANTS IN EQUATION (14.10) гов DIFFERENT 
CONDITIONS (FOR wm IN (Ib/ft?), M тм LB). Атѕо 
PRESENTED ARE Data ror fo(S) iN EQUATION 
(14.9) 











5 (miles) xmo р у, 
bor 1.0 0.9 None | 40 + 10 
0.2 1.0 2 40 + 10 
0.008 1.0 4 40 + 10 
5-107* 1.0 6 40 + 10 
1 + 0.2) 0.5 0.2 Zero 35 + 10 
0.2 0.6 2 35 + 10 
0.2 0.35 6 35 + 10 
2 + 0.4| 0.025 1.0 Zero | 25 + 10 
0.05 0.33 2 25 + 10 
3 + 0.5) 0.00 0.4 Zero 15 + 10 
4-10? 0.65 2 15 + 10 
1:107 0.85 4 15 + 10 
1.2:107* 1.05 6 15 + 10 


covered ‘‘Primacord” trunk line. Complaints 
were alleviated by adopting the simple pro- 
cedure of covering the “Primacord” with 
about 2 to 3 in. of dirt. 

It is nearly always possible to predict 
the air blast intensity when the temperature- 
altitude and wind-velocity-altitude data 
are available, and vice versa.* During the 
course of air blast studies a number of corre- 
lations were made along the lines suggested 
by the principles of air blast propagation de- 
scribed previously under various types of 
sound-speed-altitude contours. Cook and 
Partridge’ showed that shots made at Tooele 
Ordnance Depot on days when strong tem- 
perature inversions were present were as 
much as 25 db louder at Grantsville, Utah, 
6 miles away, than identical shots made on 
days in which such inversions did not exist. 
Cook, Pound, and Ursenbach! found the 
same situation to exist at Pueblo Ordnance 
Depot, Colorado. Figure 14.11a shows tem- 
perature-altitude plots obtained on 2 days 
(March 22, 1954 and March 26, 1954) when 
shooting conditions were favorable. Figure 
14.11b shows а strong temperature inversion 
that existed (March 29, 1954) in the same 
area. On March 22 and 26, shots were made 
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Figure 14.11а. Temperature-altitude plots with 
no temperature inversion. 
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Figure 14.116. Temperature-altitude plot show- 
ing strong temperature inversion. 


ranging in size from 44 to 132 lb and 44 to 
1,000 Ib respectively. Those fired on March, 
22 were inaudible, and those made on March 
26 were just barely audible at Boone, Colo- 
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rado, 956 miles from the demolition site. But 
on March 29, all 14 shots (5 44-lb and 9 
50-Ib shots) came in loudly at Boone. A large 
number of quantitative correlations of this 
type have been made at the 13 other instal- 
lations studied. These examples, however, 
serve to illustrate the importance of the gen- 
eral principles discussed in this chapter. 
One can often see а temperature inversion 
either by light refraction at the inversion or 
if, e.g., a factory is making smoke in the area, 
from the form taken by a diffusing smoke 
cloud which tends to disperse in the plane of 
the inversion. Such inversions are often 
seasonal and, in some areas, may exist only 
at certain times of the day. Study of the 
meteorological conditions prevailing in the 
area is therefore worthwhile in any explo- 
sives demolition operation. In places where 
and at times when the sound waves from 
blasts are seriously objected to by local resi- 
dents, one can decide when not to shoot 
unconfined charges either by the devices 
mentioned above or by the use of some 
sound-generating device and listening stations 
strategically located in the area. There are 
times of course, under conditions that sound 
propagation is particularly unfavorable, 
when it is desirable not to detonate even 
relatively small quantities of explosives. 
For example, on one occasion, when a strong 
temperature inversion existed over an area 
where explosive charges were being de- 
stroyed, a shot was said to have unnerved 
completely for a minute or so a venerable 
churchman in the act of preaching a funeral 
service about 6 miles away. 


Summary of Results of Long-Range 
Ground Shock Studies 


Ground disturbances created at long range 
by explosions are complex and vary mark- 
edly not only from one place to another but 
in a given location, even with constant 
charges, cover, and distance. Three types of 
ground-wave disturbances have been ob- 
served in the extensive studies of ground dis- 
turbances created by explosives in army 
demolition operations where the charges were 
fired above or on the surface of the ground, 
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Figure 14.12a. Ground waves at 6,000 ft from 50-lb charge under а 4-ft dirt cover. 
Figure 14.125. Ground waves at 16,000 ft from 1,500-lb charge under a 4-ft dirt cover. 


or beneath a small dirt cover. These were as 
follows: 
(1) Direct or surface ground waves— 
called here S-waves. 
(2) Indirect or subsurface waves—called 
SS-waves. 
(3) Air-blast-induced ground disturb- 
ances—called induced ground waves. 
The S-waves and SS-waves observed by seis- 
mometers at various distances from the site 
of an explosion are, in general, small in mag- 
nitude beyond the distances where they 
might produce damage (cf. Table 14.2). 
They follow apparently the normal propaga- 
tion laws discussed previously. For example, 
at & given distance the S- and SS-waves 
from a given charge of constant size increase 
with increasing confinement. They are 
usually also fairly reproducible when meas- 
ured at the same location, except under 
conditions of reinforcement by the induced 
ground wave discussed later. The S-wave, 
of course, usually (but not always) reaches 
the seismometer in 0.1 to 0.2 the time re- 
quired for the induced ground wave to pass 
the seismometer, the time interval between 
the two waves being usually (but not always) 
determined by the difference between the 
velocity of the ground wave and that of the 
air blast wave. When SS-waves occur, they 
may appear either ahead or behind the S- 
wave, depending on the depth of and the 
velocity in the strata in which they are re- 
turned to the surface. Generally (except 
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under synchronous induction or when the 
air-blast-wave intensity is negligible) the 
S-waves and SS-waves are much less intense 
at long range than the induced ground wave 
produced in unconfined shots or shots under 
small dirt cover. 

Figure 14.12 shows two types of ground 
disturbances measured at different locations. 
In Figure 14.12a, obtained with a 50-lb 
charge under a 4-ft dirt cover at 6,000 ft 
from the blast at Seneca, New York, the 
initial disturbance was an SS-wave, fol- 
lowed shortly by the normal S-wave which 
was of considerably greater intensity. About 
4 sec later the induced ground wave ap- 
peared. By recording the air blast wave and 
ground waves on the same dual-pen re- 
corder, the relationship between the air 
blast and the induced ground wave is strik- 
ingly portrayed. The air blast in this case 
was a double shock, and it induced a double 
shock in the ground. Note, however, that 
the induced ground wave remained almost 
completely coupled to the air shock blast 
wave in this case; while the disturbance at 
the (surface) seismometer had an amplitude 
considerably higher than that of the S-wave, 
it was apparently so completely damped 
that it did not propagate away from the 
point of coupling, despite the much higher 
velocity of ground than air blast waves. This 
type of trace was characteristic of most 
ground-wave results obtained at Seneca. 
As to absolute magnitude, the air blast 
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trace in Figure 14.128 gave a maximum pres- 
sure of 0.3 Ib/ft* and the maximum displace- 
ment in the induced ground wave was 
5.2:10 * in. (Г = 107°). For the S-wave of 
this trace the amplitude and frequency cor- 
responded to an index J of 10 *. 

In the traces shown in Figure 14.12b, 
the SS-wave followed the S-wave and was 
of greater intensity. This record was ob- 
teined at Black Hills Ordnance Depot from 
а 1,500-Ib shot under 4 ft of dirt cover at 
16,000 ft and is characteristic of the type of 
ground waves measured at this base. The 
results shown in Figures 14.12a and 14.12b 
have in common (1) that the three types of 
waves, the S-wave, the SS-wave, and the 
induced ground wave were entirely inde- 
pendent of each other, and (2) that the 
induced ground wave remained sharply 
coupled with the air blast wave. Conditions 
of this sort were also observed as the nor- 
mal condition at Letterkenny Ordnance 
Depot, Pennsylvania, and were sometimes 
seen but were not the characteristic condi- 
tion at other depots. The amplitudes and 
frequencies of the waves in Figure 14.12b 
are as follows: 

S-wave: f = 12.5, А = 0.006; SS-wave: 
f = 3, A = 0.007; induced ground wave: 
f = 5, А = 0.013 in.; air blast wave: f = 7.8 
cycles per second and т. = 0.86 Ib/ft*. 

At Tooele, Utah, only the (independent) 
S-wave and the induced ground wave were 
apparent in the seismic disturbances from 
surface explosions, and for unconfined or 
dirt-covered shots the induced ground wave 
had an index 5 to 30 times greater than the 
8-wave, as shown in Table 14.6. Also condi- 
tions were such at Tooele Ordnance Depot 
that the induced ground wave remained 
strongly coupled to the air blast wave, owing, 
as mentioned, to strong attenuation of the 
induced ground wave as it propagates away 
from its source—the air blast wave at the 
ground level. Also shown in Table 14.6 are 
the results of measurement of the S-wave, 
the SS-wave, and the induced ground wave 
at Seneca, New York. The following factors 
are of interest in connection with the results 
summarized in Table 14.6 and in other cases 
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where independent S-waves, SS-waves, and 
induced ground waves are observed: 

(1) The ratio J,/I, for the relative damage 
index of the induced wave to the S-wave 
decreased with dirt cover from more than 10 
for surface blasts to about 2 for 100-lb shots 
with 6 ft of dirt cover, i.e., in accord with 
expectations Г, increased with confinement 
and І, decreased with confinement. 

(2) As expected, J, and J; decreased with 
increasing distance, but the ratio /,/1, was 
apparently approximately independent of 
distance. It was, however, strongly de- 
pendent upon meteorological conditions, as 
would be expected. 

(3) The S-wave and the 88-мауе had 
comparable magnitude generally differing 
from each other by a maximum of a factor 
of two for indices greater than 10 *. For 
smaller indices greater variations were ob- 
served, probably only because the disturb- 
ances were во small. 

The most interesting and important long- 
range ground disturbances are the induced 
ground waves generated by air blast waves 
of the same frequency as the natural fre- 
quency of the surface waves or some multiple 
thereof (2 or 3). When such synchronism 
exists, the induced ground wave may extend 
considerable distances either ahead of the 
air blast wave, behind it, or both. Fortu- 
nately, synchronous induction of ground 
waves by the air blast wave does not cause 
the amplitude of the induced ground wave 
to grow appreciably; only the duration of 
the disturbance increases when there is a 
frequency match between the air blast wave 
and the natural frequency of the ground 
formation. On the other hand, when the 
synchronously induced ground wave ex- 
tends ahead all the way from the air blast 
wave to the S-wave, the latter apparently 
is reinforced and obtains higher amplitude 
than when it is not supported by the in- 
duced ground wave. 

Typical traces obtained in measurements 
of synchronously induced ground waves are 
shown in Figure 14.13. Figure 14.13a shows 
& nonsynchronous and therefore rapidly 
damped ground wave induced by a clap of 
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TABLE 14.6. Воммлат or GROUND DISTURBANCES OBSERVED AT Two OnpNANCE Ювротв 


f The direct ground wave was almost entirely of surface or near-surface origin at Tooele 
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thunder. Note, however, that the clap of 
thunder induced a ground shock which led 
the air shock wave a fraction of a second, 
probably because some components of the 
induced wave were synchronous with the 
air blast waves. Otherwise this wave was 
much like the normal induced ground wave 
in that it was largely completely coupled 
with the air-borne wave. Figure 14.13b 
shows the induced ground wave and air blast 
traces from a 150-lb shot under an 8-ft dirt 
cover at a distance of 2,000 ft from the 
blast. This result was obtained at Sioux 
Ordnance Depot, Nebraska. Here the domi- 
nant air blast frequency and the frequency 
of the induced ground wave were both 6 
cycles per second. The air blast (x. -0.41psf) 
in this case induced a ground wave of ampli- 
tude 0.14 in. (I = 4-10) which preceded 
the air blast by about 1.5 sec and contin- 
ued more than 0.5 sec after the air blast 
had passed, decaying slowly on either side of 
the air blast trace. 

Figure 14.13c shows a trace obtained at 
8,000 ft from а 100-lb shot under а 6-ft dirt 
cover at Savanna Ordnance Depot, Iowa. 
In this case the air blast wave (f = 11 
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cycles per second; тъ = 0.17 lb/ft?) created 
an induced ground wave (f = 3.5 cycles 
per second; J = 2-10 *) that actually ex- 
tended into and reinforced the S-wave also 
of frequency 11 cycles per second 
(А = 2.5.10 5; J = 10 *) which passed the 
seismometer more than 7 sec earlier. More- 
over, the amplitude of the S-wave was ab- 
normally high, namely about five times 
higher for the particular conditions involved 
than would have been obtained had the 
S-wave propagated without support by the 
induced ground wave. Note that the syn- 
chronously induced ground wave was of 
comparable amplitude to the S-wave, which 
is also unusual. The induced ground wave 
continued after the air blast wave had 
passed, but how much longer was not de- 
termined because the recorder was stopped 
too early in this case. However, in another 
example of synchronous wave induction 
employing а 100-lb shot under a 4-й dirt 
cover at Savanna Ordnance Depot, the air 
blast at S = 13,070 ft from theblast (f = 10 
cycles per second; х„ = 0.25 lb/ft?) induced a 
wave of the same frequency (amplitude 
7-10? in.) which was still vibrating at about 
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Figure 14.13a. Induced ground wave from clap of thunder. 
Figure 14.135. Synchronously induced ground wave at 2,000 ft from 150-16 charge under an 8 ft dirt cover. 
Figure 14.13c. Synchronously induced ground wave at 8,000 ft from 100-lb charge under а 6-ft dirt 
cover showing reinforcement of S-wave by induced ground wave. 
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half the initial amplitude and one-third the 
initial frequency when the recorder paper 
played out 32 sec later. In this case, like 
that shown in Figure 14.13c, the S-wave 
(f = 9 cycles per second; A = 1.5.10 5) 
which passed the seismometer about 12 sec 
before the air blast wave was also apparently 
reinforced by the induced ground wave. 
However, the amplitude of the induced 
ground wave was less (about one-fifth) in 
the interval between the passage of the 
S-wave and the air blast wave, probably 
owing to appreciable loss of energy to the 
S-wave by the time this wave reached the 
seismometer. 

Synchronous ground-wave induction ap- 
parently requires simply matching, equally 
or in overtones, of the frequency of the air 
blast with the natural frequency of the 
ground at the surface in the region of the 
blast. It should therefore be possible to 
obtain this synchronous ground-wave in- 
duction in any demolition activity simply 
by adjusting charge size, dirt cover, and 
distance. That this is the case is evident 
from the fact that it was observed in all 
but 4 of the 14 bases studied. But as one 
might expect, conditions required to attain 
the synchronous ground-wave induction 
were different at each base at which it was 
observed. Conversely, one should expect to 
be able to eliminate synchronous ground- 
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wave induction by the air blast wave simply 
by careful selection of charge size, dirt cover, 
and meteorological conditions so that it 
does not occur at least in regions where its 
occurrence might incur complaints by neigh- 
bors. 

The much greater magnitude and dura- 
tion of synchronously induced ground waves 
relative to normal S-waves and SS-waves 
emphasizes the relative importance of the 
air blast wave. Obviously, no induced wave 
can be more intense than its source. Air blast 
waves, therefore, are always a more likely 
cause of damage than ground disturbances. 
The limitations of air blast waves in produc- 
ing damage are set forth earlier in this 
chapter. Any air blast or induced ground- 
wave effects beyond the range described as 
the damage range (of Table 14.2) are, there- 
fore, merely of the nature of annoyances 
and not actually sources of damage. For 
example, even under the most severe condi- 
tions created by synchronous ground-wave 
induction by the air blast wave, the index 
was only about 0.1 as great as the index 
(0.1) given as the upper safe limit and 0.01 
as great as the index (1.0) given as the lower 
limit of damage. Hence, while blast-gen- 
erated ground waves are of considerable 
scientific interest, they are not a source of 
damage beyond the limits described by 
Thoenen and Windes. 
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APPENDIX | 
GLOSSARY OF SYMBOLS 


Symbols are, in general, defined in the text when they are first used and, in some cases, more than 
once for convenience. The aame symbol has been used frequently for several different representations. 
No ambiguity should exist in these cases, but the several definitions summarised here should be help- 
ful in this respect. When this is done, appropriate subscripts and superscripts are used and defined. 
Regarding detonation properties (pressure, temperature, specific volume, etc.), the subscript 1 applies 
to the original explosive, subscript 2 to the conditions at the Chapman-Jouguet plane, subscript 3 to 
the explosive state corresponding to products of detonation in static equilibrium within the volume of 
the original explosive, and subscript 4 to the conditions following uniform expansion at which the pres- 
sure in the products of detonation is 1 atm. Subscript f applies to conditions at the front of the detona- 
tion wave. The $ and j subscripts are used as running indices in the usual sense. In the theory of free 
surface velocities, subscript $ refers to the incident wave, subscript r to the reflected wave, and subscript 
т to the transmitted wave. The subscript f in У, is the usual one to describe free surface velocity. 
Other subscript and superscript designations are each defined appropriately in the text. When desir- 
able, functions are represented in the conventional way, e.g., а = a(v), f = f(p), W = W(z), etc. An 
asterisk is used to designate ideal detonation properties, and for other designations as outlined. 
Symbol Definition(s) 

A (1) Maximum available energy. (2) Area. (3) Arrhenius frequency factor (A’ for the Eyring 
factor ke два уһ). (4) Amplitude. (5) Constant. (6) See Equation (1.65). 7. Product (with sub- 
script for sth species) 

(1) a = v — а. (2) a, = reaction-sone length. (3) Constant. 

(1) Covolume. (2) Jones’s detonation constant. (3) Thermal-expansion coefficient. (4) Angle, 
e.g., semicone angle in shaped-charge theory. 

(1) Product (with subscript for jth species). (2) Constant. (3) Blastibility (Hino) 

Constant. у 

(1) В = (vs — а)/ (91 — юз) [see also Equation (4.8)]. (2) Compressibility. (3) Collapsing semi- 
cone angle in shaped-charge theory. (4) Sound level (decibel unit). (5) Constant. 

(1) Heat capacity; C,—at constant volume; C,—at constant pressure. (2) Sound velocity. (3) 
Capacity. (4) C.—gram-atoms of carbon/100 g of explosive. (5) Concentration. 

Constant. 

(1) C,/C, . (2) vs/ (v1 — әз) [Equation (4.25)]. (3) Convenient quantity in Equations (1.46 to ii.54) 
for I.B.M. calculations (Appendix II). (4) Constant. 

Drag coefficient. 

(1) Detonation velocity (D*—ideal velocity). (2) Depth (using subscript o). 

(1) Diameter (d,—critical diameter, d$—minimum diameter for ideal detonation, d'—effective 
diameter). (2) Constant. 

(1) Defined by Equation (4.52). (2) End impulse (page 104). (3) Quantity D/D* in curved-front 
theory. (4) Displacement (Appendix III). (5) Loading density or fraction of hole filled with 
explosive. (6) Angle. 

(1) Difference. (2) Thickness or distance. 

Total energy (specific energy in the hydrodynamic theory, Equation (4.5)]. 

(1) Charge. (2) Electron. (3) 2.7183. 

Electronic energy (é—average Fermi energy, e,—band width, «,—cohesive energy). 

(1) Fugacity factor [Equation (4.15)]. (2) Free energy; AF'—free energy of activation. (3) F(L)— 
function defining growth of detonation head [Equation (5.4)). (4) Force on nuclei or bond. (5) 
F(N,p,Z)—function giving order of reaction. (6) Heat loss [Equation (8.1)]. 

(1) Function, e.g., f = f(p), order function, etc. (2) Fugacity. (3) Frequency. (4) f;—fraction of 
ith component. (5) Partition function [Equation (9.38)]. 

Heat accumulation [Equation (8.1)]. 

(1) Acceleration of gravity. (2) Function, e.g., g(v) [Equation (9.25)]. 

(1) Enthalpy or heat content (AH'—heat of activation, AH у = heat of formation). (2) Heat 
generated by reaction [Equation (8.1)]. (3) H, = gram-atoms of hydrogen/100 g in composition. 
(1) Planck's constant. (2) Axial length of detonatiom head. (3) h,—specific heat of vaporisation 
of a metal. (4) See Equation (ii.71). 
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Definition(s) 
ћ = h/2r. 
Wave number. 
Hugoniot. 
(1) Characteristic temperature. (2) Defined in Equations (4.49) and (4.51). (3) Angle (e.g., angle 
of Rayleigh line to v-axis in Ht curve). (4) In nozzle theory [Equation (6.3)]. (5) Time for pressure 
т in shock wave to fall to x«/e. 
(1) Impulse, momentum. (2) Ionization potential. (3) Ground shock damage index. (4) Sound 
intensity. Н 
(1) Equilibrium constant. (2) K(v) ог f(v)—covolume function. (3) Constant їп curved-front 
theory. 
(1) k’—specific reaction-rate constant (k,—specific rate constant in Eyring surface-erosion 
theory). (2) Boltzmann's constant. (3) Constant. 
(1) Thermal conductivity. (2) Bulk modulus. 
(1) Charge length; L.—maximum effective charge length; L'—distance from igniter to point of 
detonation in gases. (2) L and L’—explosive parameters in curved-front theory [Equation (6.6)]. 
(3) Length of jet. (4) Inductance. 
Heat-transfer coefficient in meteor ablation theory. 
(1) Molecule diameter (curved-front theory). (2) \4;—mean free path. (3) Coefficient in jet- 
penetration theory. 
(1) Mass (M,—charge mass, M,—detonation-head mass, M,—plate mass, etc.) M—sometimes 
used as a relative mass as in Equations (13.6) and (111.28). (2) nT'/n;T; in the reaction sone. (3) 
Parameters (M and M’) in curved-front theory [Equation (6.6)]. (4) Molecular weight. (5) Con- 
stant. 
(1) Electron mass. (2) m;—mass of ith particle. (3) m;—number of moles of jth product. (4) 
Mass of jet elements. (5) Constant. 6. Milli, e. g., msec-millisecond. 
(1) Force constant. (2) Reduced mass (um when used in conjunction with force constant). (3) 
u,—molecular weight of meteor in ablation theory. (4) Micro, e.g., usec—microsecond. (5) See 
also Equation (9.31). 
(1) Mol fraction. (2) Avogadro's number. (3) N,—gram-atoms of nitrogen/100 g of explosive. 
(4) N—average or apparent fraction of reaction in shaped-charge method of pressure measure- 
ment. 
(1) Mol gas/kg. (2) n;—number of mols of ith component. Also concentration of charged par- 
ticles [Equation (7.1)]. (3) Constant. 
(1) » = n; ; »; = т; [Equation (4.13)]; A» = net number of mols in equilibrium equation, i.e., 
A» = Dini — Ў; т;. (2) Poisson's ratio. (3) Frequency. 
Oxygen balance. 
O.—gram-atoms oxygen/100 g explosive. 
(1) p/p: . (2) Penetration. 
(1) Pressure. (2) pi—threshold ignition pressure. (3) p;—internal pressure. 
(1) Relative pressure [rs = рз/(рз — pı); xı = pi/(ps — р!)]. (2) тъ реак pressure in air blast 
wave. (3) Product [Equation (ii.19)]. (4) 3.1416. 
Heat of explosion (Q;—heat of formation of ith product). 
Heat of explosion retained by the gases after work process (4 = Q — A). 
(1) Radius of curvature of wave front (R.—steady-state radius of curvature). (2) R,—grain 
radius. (3) Gas constant. (4) Resistance. (5) Bond length. (6) See Equation (ii.63). 
(1) Radius. (2) Relative expansion [in Jones's theory, Equation (0.1)). (3) r,—grain radius in 
curved-front theory. (4) Secondary penetration [Equation (10.23)]. (5) Constant. 
(1) Density. (2) Resistivity. 
(1) Distance. (2) Entropy (AS'—entropy of activation). (3) Constant. $—surface area in theory 
of ablation. 
Thickness of ideal (perfectly confined) detonation head [Equation (5.1)]. 
(1) Conductivity. (2) Yield strength of target. 
(1) Absolute temperature. (2) Kinetic energy; T,—average kinetic energy at vibrational state 
phase angle е. 
(1) Time. (2) Thickness. 
(1) Total reaction time. (2) Relaxation time. (3) т = e/kt. (page 224). (4) т; = time lag for initia- 
tion of propagation in ionization method, т„ time lag in photographic method. 
(1) Velocity of penetration of target by jet. (2) Wind velocity. 
(1) Velocity (V*—shock velocity; P*—average gas-cloud velocity in expansion of products of 
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Definition(s) 


detonation; V,—íree surface velocity; V,—plate velocity; V—jet velocity; V;—velocity of ele- 
ment of jet, etc.). (2) V.—hole volume. (3) V.—molecule volume; V—mol volume. (4) Volt. 
(5) AV'—volume change of activation. (6) Potential energy. 

(1) Specific volume. (2) v,—average thermal velocity; v,—electron velocity. (3) 8,—average 
drift velocity. 

Particle velocity. 

Energy. 

(1) Adjustable parameter in equation of state of Paterson and Cottrell. (2) Unknown factor 
determining radius of curvature [Equation (5.21)]. 

(1) Distance or fractional distance along charge axis. (2) z,—coordinate. (3) х = f(v)T*/v. (4) 
mol fraction, Halford equation of state. (b) Weight fraction in Equation (6.20). (6) See also 
Equation (1.39). 

Summation; Zi, X: abbreviations for summations in Equations (111.19) and (iii.20). 

(1) Dynamic yield strength. (2) See Table 12.3. 

(1) Perpendicular distance from charge axis. (2) y;—coordinate. (3) See also equations (1.40) to 
(11.54). 

(1) Function expressing branching chain. (2) The reduced distance S/10M!!/* (Chapter 13). 
Valence. 

Energy to vaporize 1 g of meteor in ablation theory. 

(1) Defined in Equation (4.28). (2) Work potential. (3) Magnetic flux. 

(1) Hugonist energy e = $(рз + р!) (91 — юз). (2) Phase angle of nuclear vibrator. (3) Function 
in nozzle theory defined by Equation (6.3). (4) e = 1 + Хз Р; /Е, in Equation (9.13). 

Complex displacement defined by Equation (iii.26). 

(1) у = ((n/D)(dD/dp)) (Table 4.1). (2) Wave function. (3) In Equation (4.44) represents one 
of the extensive detonation variables. (4) (dps/dv:) н: [Equation (4.29)]. 
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APPENDIX І 


CALCULATIONS OF PRODUCTS OF DETONATION 


This appendix, taken largely from Reference 4, is concerned with the calculation of the equilibrium 
concentrations of the chemical components resulting from the decomposition of condensed explosives 
under conditions of detonation or explosion, i.e., at high temperatures (>1000°K) and at high densities 
(>0.1 g/cc). The results of such calculations are required in the study of the thermodynamics and 
hydrodynamics of detonation and explosion phenomena. The independent thermodynamic variables 
best suited to such studies are the specific volume v and the temperature Т. The calculation of concen- 
trations, however, requires a knowledge of the pressure, and this, in turn, requires a knowledge of the 
equation of state. The use of a particular equation of state affects the calculation of the temperature 
T and also the value of the factor F, described later, which appears in the concentration equations. Т 
and F are used as variable parameters in the calculations, so that they may be adjusted for any particu- 
lar problem and equation of state. 

The equations of hydrodynamic theory are derived in general form in Section I. A partial derivation 
of the equations for the case of no free carbon is given in Section II. In Section III the equations are 
recast into a form more suitable for use with automatic computing machinery. An iterative method of 
solving the equations is also developed. In Section IV a thermochemical discussion is given concerning 
some additional reactions. It is concluded that there are several molecules which have not previously 
been considered which may occur in appreciable quantities at high pressures and temperatures. In 
Section V the case where free carbon can occur is treated. The free carbon reactions are described, and 
terms are added to the previous equations to account for the additional types of molecules. In Section 
VI most of the thermochemical data needed for the concentration calculations are listed in tables. 





I. Derivations 
From the equation of state 
ро = nRT + а(Т, v)p (ii.1) 
and the combined first and second laws of thermodynamics for (reversible) adiabatic change 
ðE * 
T dS = C,dTs + Г) + »| ув = 0 (11.2) 
90 /т 
one obtains 
dp р [nk da nR (aE p8 E. 
(2 ), U—a [с Tas (= 8 t С.р (= ). | 0-а (i3) 
where 
nR + C, da пЁр; Y 
РАН ПАЗЫ NUNG зз — .4 
i C, (=), + Cup 00 


The hydrodynamic theory provides the equation 


= р 1/3 1 
Dims, (==) =, (-&y (ii.5) 


Hence, using Equations (ii.3) and (ii.1) to eliminate ps , 


Uu т-а 


р ~ 





-(пРТ,):/18* (11.6) 


п а 9$— а 
In condensed explosives p; > pı . Hence 


vr — a 
Uu — vg 





(pe — p3)/(v1 — 02) = ps/(v1 — v2) = pi8/(v — а), and В = (11.7) 
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Since, from Equation (1.7), (В + 1)/8 = (vı — а) / (0: — а) 
п B+1 








р aC Ri (11.8) 
Also, 
W = (v — n) [-(2) | = 2 = (варту) = (BnRT)"?/8 = (nRT,/8)s (4.9) 
dv 8 ъ— а 


Finally, for the Hugoniot dynamic adiabatic expression 
Е, — E, = 3(ps + р!) (v1 — юз) = $ра(01 — 02) = dnRTs(vi — 0з) / (0: — а) = яВТ:/28 (11.10) 
Непсе 
4W? = Е, — Е, (1.11) 


and the Hugoniot energy appears to be entirely the kinetic energy of mass motion, all quantities used 
here being specific quantities (mass = unity). In introducing thermochemistry one rewrites Equation 
(11.10) as follows 


Е, — E, = С,(Т: — T) — Q = AW: (1.12) 


In the а = a(v) approximation р; = 0, and the last term in Equation (1.4) drops out. Then б, = 
Се, С. = C? , and one may then determine В in an iterative solution by plotting a, obtained from the 
equation 


а = v — "(B + D) (nRTy/Dgis (1.8) 


and experimental D values, against v; obtaining 8 from the slope of the а (оз) curve. The iterative proce- 
dure may proceed as follows: 

To begin, one may take 8 to be some reasonable approximate value, say unity. Then from thermo- 
chemical calculations (see following sections) and the equation 


(T: — Ti) = (Q + #03) /С, (11.13) 


using Equation (1.10) for 407? and measured velocities for use in Equation (1.8), one obtains a set of 
a (v) data a plot of which gives В (0з). With these data one obtains a new temperature and thermochemical 
values giving a new a(vs) curve. This procedure is repeated until successive a(v:) curves coincide. The 
solution is then complete. In actual fact this solution is made especially easy, except for the thermo- 
chemical problem, by virtue of the fact that all а (01) curves so far obtained coincide. Hence one may, in 
effect, start the iterations with an accurate guess of В by use of the empirically general a(v:) curve 
(Figure 4.2). Then each set of calculations serves as & check on the applicability of the a(v) curve. 
The thermochemical solution 18 not а simple one. This problem has, however, been solved by exact 
thermodynamic methods.“ 4. Ref. 10 Let us make use of the Lewis fugacity f defined by 


nRT (2:7) =т= SET +a (ii.14) 
dp Tin р 
Hence 
1 1 1 1 ? * 
аларны сос | жар (11.15) 
since Т and n are constants and fp» = p. Therefore 
1 ? * 
//р = exp ART j a dp (11.16) 


The partial fugacity f; of the ith component of the gaseous system is related to the total fugacity by 
JN: =f; (1.17) 
Непсе 


Ј/р = fNi/pN: = fi/pNi 
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For a general equilibrium reaction, therefore, 


mA, + mA: + -e + мА; = mB, + mB: + +--+ + mB; (11.18) 
one obtains for the thermodynamic equilibrium constant 
П (рМ) "* 


к, П 1 л" = n II ox)" * paar | а dp (419) 


where 


Ду = Ук — Хи 
$ i 


For convenience we use Brown’s: 4, Ref. 4 definitions 


âr 
K; = K, (=) (11.20) 
апа 
a=v—a (11.21) 
Then 
I A; 
K,a*” = n ГЕЯ ep -Z |" a dp (11.22) 


It is of interest to know finally what the ratio //р of Equation (1.17) amounts to in detonation re- 
actions. The integral [ adp may be as large as, вау, 15 nRT: . Hence f/p may be as large as about 


10*. Therefore solutions by the partial-pressure methods given in the literature have no value except 
in reactions involving only A» = 0. Fortunately the most important equilibrium reaction in detonation 
is frequently the water-gas equilibrium Н, + CO; — CO + H30. Since A» = 0 in this reaction (f/p)^" = 
1, and the partial-pressure calculation then gives reasonably reliable results. However, so many other 
equilibria also are involved for which A» » 0 that the exact thermodynamics methods are generally 
required to obtain reliable theoretical products of detonation. 


П. Equations for the Case of No Free Carbon 


The method of calculation used here is an extension of the work described in Reference 10 ef Chapter 
4 where the calculation of the equilibrium concentrations depends on using the ratios of fugacities. 
The fugacities are calculated using the equation of state of the gas. The quantity F, related to the total 


fugacity, defined by 
1 1 г —* T 
r= a| (Sz) [ a dp | = nem А а da (11.23) 


is referred to here as the fugacity factor. The form of F for any other equation of state than the а = a(s) 
one can be found from the definitions given in Chapter 4. Otherwise the equations (Cf Chapter 12) for 
the concentrations are set up according to the method of Brown.. 4, Bef. 4 

Only molecules involving the four elements H, N, O, and C are usually considered, although data are 
here presented also for the application to aluminum explosives, no additional difficulty being encoun- 
tered in making these computations. This includes most of the important single-component, secondary 
high explosives. The case where there are no reactions requiring the presence of free carbon will be dis- 
cussed in this section. The reactions which have been included in this case are those which have been 
used before,°- 4. Ref. 10 plus two new ones. One of these, involving methanol, was found in a recent 
compilation of equilibrium constants* which also included many of those previously used. The other 
new reaction involves formic acid monomer, and will be discussed later in Section IV. Table 1.1 in 
Section VI lists these reactions (and also some involving free carbon) and gives the appropriate forms 
of Equation (ii.19) and (1.22). The missing numbers in this list are other reactions which were listed 
in Reference 6 but which involve elements other than Н, М, О, and C, or which are combinations of 


Google 


382 THE SCIENCE OF HIGH EXPLOSIVES 


those listed here and are not required in the present method. Table ii.2 lists the values of the equilibrium 
constants K for all the reactions (including those with aluminum). 

There is an equation of form (ii.22) for each of the reactions being considered. How many reactions 
are to be included, and just which ones they are, is somewhat arbitrary. Obviously, there is no need to 
use reactions which produce molecular species which are never present in appreciable quantities. Thus 
no attempt has been made to include ionization reactions. Although high temperatures favor the oc- 
currence of ionizations, high pressures inhibit their occurrence (except in reaction zones). The details 
of the method of calculation developed here, therefore, are not meant to apply to equilibria at very 
low pressures. 

When only four elements are present, it is always possible to write the reactions so that they include 
one or more of four basic molecules. The basic molecules must have the following characteristics: they 
must contain, among them, all of the four elements being considered; and they must be independent of 
each other, i.e., it must not be possible to write a chemical reaction involving any of these four mole- 
cules alone. It is convenient to choose these four molecules to be as close to the pure elemental form 
as possible. Thus they might be H: , N: , O: , and C; (gas). However, C: (gas) is present in negligible 
amounts only and is not included in this method. It therefore is not a convenient choice. The simplest 
important molecule involving carbon is CO, and this is used as one of the basic molecules. O; is always 
а minor constituent in the problem (although it does occur in sufficient amounts at low pressures to 
warrant its inclusion in the calculations) and it has not been chosen as a basic molecule. Instead, CO; 
has been used, since it is still à simple molecule and has the highest proportion of oxygen of any of the 
important molecules. The four basic molecules then are H; , N; , CO, and CO; . These molecules satisfy 
the two conditions given above. All reactions involving compounds of H, N, O, and C can be written 
in terms of these four molecules, and for each compound there is only one such form. This is not to 
imply that the actual reaction which is important in forming a molecule must involve these four mole- 
cules. We are concerned here with chemical equilibria and not with chemical kinetics. An equilibrium 
can be represented by using such a group of four basic molecules. 

One important exception to these last remarks must be made. While under less extreme conditions 
certain molecules do not form unless free carbon is present, it is not altogether impossible that, under 
the conditions of high pressures and temperatures which exist in detonations, these molecules may form 
without the presence of free carbon. However, there is no evidence available to show that this does hap- 
pen, and the procedure has been adopted of including these molecules only if free carbon is present. This 
question is discussed further in Sections IV and VI. 

Each reaction introduces one new molecule, and hence one new unknown concentration and one new 
equation. When the basic molecules are included, there are four more unknowns than there are independ- 
ent equations. Four independent equations are supplied by the atom-balance conditions; i.e., equations 
that state that the total number of atoms of each element in the products must equal the numbers of 
atoms of those elements in the original explosive. Having as many equations as unknowns, it is possible 
to solve for the unknowns. 

If the reactions listed in Table ii.1 which do not require the presence of free carbon are solved for the 
concentrations of the molecules other than H: , N: , CO, and CO; , the following equations are found: 


(8,0) = K.(HJ(CO9/(CO) баи) (он) = TH (How(CO)/CO) (130) 
(NH) = cL очном (1.25) A 


(NO) = pn (№) (СО) СО) (1.31) 
(СН,) = КРЖН:)(СО)з/(СО:) (11.26) 


F? (Н) = — (Hii (11.32) 
(CH,OH) = &— (HCO) (11.27) Ru 
п 
К, Ў 
(СН,0з) = Къз (Н) (СО) (11.28) (N) = ys (Na) (61.33) 
(09 = К (cocor i Ku ч 
3) = су (CO/CO) (11.29) (0) = =H (С02/(С0) (4.34) 


The numbers of atoms of each element in all these compounds must equal the numbers which occur 
in the original explosive. Thus the solution of the above equations is subject to the following atom- 
balance conditions. 
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Hy — 2(Н,) — 2(H:0) — З(МН,) — 4(СН,) — 4(CH;OH) — 2(CH:0:) — (OH) - (Н) = О (11.35) 
№ — 2(№:) — (NH) — (NO) – (№) = О (11.36) 

0% -2(СО») — (CO) — (Н.О) — (CH;0H) — 2(СН,0,) - 2(0:) – (OH) – (NO) - (0) = O (11.37) 
Co — (СО!) — (CO) – (CH) — (CH;0H) — (СН,0,) = О (11.38) 


Но, №, Oo, and С, аге the number of gram-atoms оѓ these elements ір 100 g of explosive. 

Equations (ii.24) to (11.38) are nonlinear in the variables (H:), (N:), (CO), and (CO2), and it is not 
practical to solve them directly. Some kind of iterative procedure is therefore necessary. Such a proce- 
dure will be given in the next section. 


III. Transformations of the Equations for Machine Use 


The concentration equations given in Section II are not in the form best suited for use with automatic 
computing machines, although they are quite suitable for manual calculations. If the manual calcula- 
tions are analyzed carefully, it will be noted that intermediate results are stored by writing them on 
paper. This statement, which may seem trivial, is really very important. When numbers are stored by 
writing them on paper, there is no limit, for all practical purposes, to the amount of storage which is 
available. However, the situation is different when using automatic computing machinery. If inter- 
mediate results are stored by punching them in IBM cards, for instance, there again is no limit to the 
available storage. However, the use of punched cards as storage is inherently inefficient, compared to 
the use of internal storage in the machine, and any machine necessarily has only a finite amount of in- 
ternal storage. Depending on the machine and on the particular problem, it may be that there is enough 
internal storage that no difficulty arises. But when the amount of internal storage is not sufficient, it is 
important to utilize it as efficiently as possible. One factor which determines the amount of storage re- 
quired is the manner in which the problem is programmed; this will determine how many numbers must 
be stored. Storage space can be saved by reducing as far as possible the number of digital positions that 
must be reserved for each number. For instance, suppose that it is desired to keep at least six significant 
digits for а quantity that ranges in magnitude from 1,000 to 0.01. To accommodate the largest value, it 
js necessary to have four digits before the decimal place, and to accommodate the smallest value it is 
necessary to have seven digital positions after the decimal place. Hence the storage unit forthisquantity 
must have at least 11 digital positions to be sure of six significant digits over the entire range of varia- 
tion. If another variable could be substituted which varied over a smaller range, it could be accommo- 
dated in a storage unit with fewer positions. This would have another important consequence. In any 
calculator there is a limit to the size of the numbers which can be used as multipliers or divisors. If the 
range of the number of digits is too large, multiplication and division have to be carried out in more 
than one step (expanded multiplication or division). Thus there are two questions to be discussed; first, 
how many significant figures are desired in the calculations, and second, how the variation of magnitude 
of the quantities used in the calculation can be reduced. The first of these questions will be postponed 
until later, since the answer to it will depend to some extent on the particular calculating machine being 
used. 

Two of the independent variables used in Equations (ii.24) to (11.34), (N3) and (CO), do not vary 
greatly in practice with temperature or fugacity, and so are quite satisfactory in this respect. However, 
(№) appears only to the one-half power, and it is more convenient to use (N:)'/? as an independent 
variable. The need to square it once in order to obtain (N:+) із more than compensated bv the fact that 
a square root need not be taken. Except in Equation (ii.28) the quantity (CO) always appears in ratio 
with (CO). It would be possible to reduce the number of arithmetic operations required if (CO2)/(CO) 
were used as an independent variable. However, (CO), which is the third independent variable in the 
equation, varies widely with fugacity, and so the ratio also varies. The fourth independent variable 
(H2) also varies widely with fugacity. Both (CO) and (H:) generally decrease as F increases. If these 
quantities are each multiplied by F'/?, the variation is materially reduced. For instance, in the case of 
RDX at 4000°K, over the range 1 < F < 10’, the following variations were found: (CO) varied by a 
factor of 380, while (CO)F!? varied by a factor of 20; (Hi) varied by a factor of 4,000, while (H:)F!/? 
varied by a factor of only 8. While the reduction of variation in (CO) by this expedient was less than 
for (Н,), it was sufficient to reduce the variation of the ratio (CO:)/(CO) by a factor of 6 [compared 
with a factor of 2.3 for (CO2) alone], so that it can be conveniently used as an independent variable. 

The new independent variables then are (Hz) F!/*, (N3)'/2, (CO:)/(CO)F'/2), and (CO)F'/?, Equations 
(11.24) to (11.34) take on the forms of Equations (11.44) to (11.54) given below. 
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Independent variables: 
а = (Н)Р?, 2 = (N)"5 хт, = (CO:)/[(CO)F"!],  z, = (CO) FH. (11.39) 


Dependent variables: 


и = (Н,) = эл, nm -1/Fi (11.40) 

и = (№) = уш?, n=l (11.41) 

ys = (CO) = узгон, уз = 1 (01.42) 

ye = (CO) = у, ус = 1/Ё\% (11.43) 

уь = (Н.О) = ул, т = К, (11.44) 

ys = (NH) = зил, ye = F4/Kyy (11.45) 

ут = (CH) = maiz zm, ут = Ky (11.46) 

ys = (СНОН) = mzizi, ys = FU/K (11.47) 

у = (СН.О:) = 5nzz, ys = КэРИ (11.48) 

ую = (Оз) = mà, vo = Ky (11.49) 

yu = (ОН) = vuzi^zi , yu = Ky/F!^ (11.50) 

Уз = (NO) = yistezs , yn = Ки (11.51) 

ун = (Н) = yozi”, уз = K;/F*!* (11.52) 

Ум = (№) = yur, ум = K/P" (11.53) 

yu = (О) = уц, ys = Ky /F1 (1.54) 
Atom-balance equations follow: 

Н, — 2: — 2ys — Зу — 4 — 4ys — 2% — уп — уз = В (11.55) 

№ — 2y: — и — уз — Yu = Fs (11.56) 

Oo – 2ys — ys — уь — у — 2 — 2ую — yn — Уз — Ys = R: (11.57) 

Co- у – у – у — n- y= R (01.58) 


When correct values of the y’s are used, than all the R; are zero. If incorrect values of the y's are used, 
the В; will not be zero. Some procedure must then be used to improve the values of the y's. Ап iterative 
method was first set up on the IBM, introducing such changes as were needed to make the computations 
automatic. It was known that iterative methods need not necessarily converge, but it was hoped that 
the use of the new variables, which do not change much as the parameters T and F are changed, would 
help the iterative process to converge. This was not the case, however, and the values for successive 
iterations oscillated about the correct values with appreciable amplitudes that were almost constant. 
A method of correcting the independent variables based on a first-order approximation was then tried. 
It is similar to a method used by Brinkley and Smith.? Although there can be cases where this method 
will not converge, in practice it has worked very well. 

To derive the equations for this method of solution, Equations (1.40) to (1.54) will be written in the 
general form 


u= vI zi, G = 1,2,+-,15; i= 1,2, 3, 4) (11.59) 
[1 
The atom-balance equations (ii.55) to (1.58) can be written 
В, = E — Ушу, (Е = 1,2, 3, 4) 
i 


(ii.80) 
= Е Ушу У = 
i n 


where uj is the number of atoms of the kth element in the jth kind of molecule. If z? represents the 
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correct values of the independent variables, it can be related to the values z; actually used by 


zi = z;(l + №) (11.61) 
Consequently, 
zm zi(l — Ay — ++) 
Then 
i i 
2 mm zx 0 — oh +...) 
and 


II zi = dI 2250 — E vl + ...) (4.62) 
$ $ $ 


where quadratic and higher power terms in the h’s have been neglected. The atom-balance equations 
then take the form 


Ry = Е — Ушу = "уа — Zh) (11.63) 
i i i 


Bince the z; are the correct valyes, the y’s computed from them make the atom-balance equations equal 
to sero: 


1 
0 = Е — Zoll zi 
1 ‘ 
Therefore, 
i 
Ri = Z upih IE 275 (r = 1, 2, 3, 4) 
$1 r 


The index on the product has been changed from $ to r in order to avoid any tendency to include tho 
product іп the summation over the index $. Substituting this into the last form for Rs , 


‘ 
Ry = У uypl П xe? = E иу (11.64) 
%} r $i 


If there are four elements in the explosive, then the indices i and k range from 1 to 4, and there are fou 
nonhomogeneous equations for the four unknowns h; . In practice, the determinant of the coefficient 
of the À, is never zero, and these equations possess a solution. Further considerations are facilitated by 
writing these equations in the form 


Z Ax hi = Re (11.65) 
$ 


where 
Aw = È upiy; 
i 


Equations (ii.66) to (1.69) give the forms of the coefficients Ax and Ry: 
Au = 2yi + 2 + 4.59 + 8y: + 8ys + 2 + 0.бун + 0.буц 
Ais = 3y 
Au = 2y — 4p + 2y» + уп (11.66) 
Au = 4y: + 4р + 2 
В = Н, – 291 — 2% — Зу, — 4 — 4 — 2% — yu — Из 
An = 1.66 = An 
An = 4уз + ye + уз + yu 
Au = the 
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Ан = О 

Rı = N, — 2y: — ys — yn — yu 

An = ys + 2ys + 2ys + 0.5yn 

An = ys = Аз 

An = 2y: + ys + 2ys + 4yo + yu + уз yu (11.68) 
Au = 2y: + y + у + 2% 

Ry = О, — 2y; — ye — ys — ys — 2 — 2ую — yn — Уз — Ys 

Aa = 2y: + 29 + и = An 

Aa = О 

Аа = уз - у + уе (11.69) 
Аа = у + и + л + +» 

R = С, — у — у у ув 09 


The diagonal elements are usually the largest (except that A3, sometimes is a little larger than As), 
and there will not be any troublesome loss of numerical accuracy if the equations are solved by trans- 
forming them to make the matrix A;; diagonal. This is done by successive applications of the following 
equation. 


Аш = Ag — Anj = ($ = 1, 2, 3, 4) (ii.70) 


In this equation j = 1, 2, ---, 15, and A4 stands for R; . If Аз; and R% are the nonzero elements of the 
diagonalized form of Equation (11.39), then the quantities А; [Equation (ii.61)] are given by 


№ = R? /Аз. ёт, 


By using the А; obtained from Equation (11.71) in Equation (11.61), improved values of the =; are ob- 
tained. These are used to compute new y;'s. If these y;'s do not give R,’s which are zero, then the entire 
procedure is repeated until finally zero R;'s are obtained. Since the method of correction uses first-order 
approximations, it may fail to converge if the initial z;'s are far from correct. Generally, if the R,’s 
are not larger than one-tenth of the corresponding Е‘, convergence will be found. The Р;'в can 
usually be reduced easily to this extent by manual manipulation of the z; . 


IV. Thermochemistry 


Reference 10 in Chapter 4 lists several reactions which were used in calculating compositions. These 
include all the reactions which have been used in the past. The compilation of equilibrium constants 
by Hawkins and Smith’ includes a reaction yielding methanol, and this reaction was used in the early 
calculations performed at the author's laboratory. If the calculations were carried out using partial 
pressures as а measure of concentrations, there would not be an appreciable amount of this compound, 
since the equilibrium constant is small, both (H3) and (CO) are small, and (CH;OH) depends on these. 
However, when partial fugacities are used instead of partial pressures, the results become quite dif- 
ferent. Consider the symbolic reaction equation 


aA = pP + gQ + rR (ii.72) 


Using partial pressures, the equation for the concentrations would be 





—Ap 
(4) = КАР (Em) (v — a)-^* (ii.73) 
Using partial fugacities,‘ instead of Equation (11.73), the following equation applies: 
—Ap 
(4)* = КР) (=) p-ar (4.74) 


where А» = а — р — 9 — г. Typical detonation conditions involve values of F about 10*. Thus if — A» 
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is 1 or greater, the additional factor F-^" in Equation (ii.74) as compared with Equation (ii.73) can give 
a great increase in concentration under detonation conditions. The molecules whose concentrations 
determine the independent variables are all small molecules; CO; with three atoms is the largest. Thus 
a large molecule is formed by combining several small molecules, and — A» will be 1 or greater. It there- 
fore seemed advisable to investigate other large molecules to see whether or not they are present in 
appreciable amounts under detonation conditions. 

It would be a very tedious problem to carry out this program by first calculating a group of new 
equilibrium constants and then actually using them in calculating compositions. Two approximations 
were therefore made. The entropy contribution to the equilibrium constant was neglected. For large 
molecules this gives an overestimate of the equilibrium factor; typically, it gives a value 10 or 100 times 
too great at 4000°K. The independent variables introduced in Section II were assumed to have the fol- 
lowing values: 


zi = 1, 1: = 1, z; = 0.1, z, = 10 (11.75) 


These аге representative values for explosives thus far investigated which do not produce free carbon, 
and in almost all cases are well within a factor of 10 of the actual values. 

The survey of possible compounds was made using a compilation of thermodynamic data made by 
the National Bureau of Standards.* This listed, among other quantities, the heat of formation АН, at 
one or both of the two temperatures 0°K and 298°K, and the equilibrium constant at 298°K for the for- 
mation of the compounds from the elements. If K$ is the equilibrium constant at 298°К, the value К, 
at T°K was approximated by 


K, = Къ exp (- a) / ex (-2%4) = K$ exp [- —* e - =) | (41.76) 


Using the approximate values of the z; , the equilibrium concentrations were calculated at 4000°K as a 
function of the fugacity factor F for all the listed gaseous compounds of the elements H, N, O, and C 
that could form in the absence of free carbon. The only compound other than those used before that 
warranted a more exact investigation was formic acid monomer CH40; . The equation for the formation 
of this compound is 


CH,0: = Н, + CO: (ii.77) 
For this reaction A» = —1. The concentration equation is 
(CH;0) = К(Н):(СОз)Р = KF2z, 232, ; К = K, (T/1.2181) (11.78) 


At 298°K the equilibrium constant, in terms of Н, and СО, , із 6.54-1095/1.235-10** = 5.30-10-". AH, 
at 298°, in terms of Н, and СО, , is —86.67 — (—93.97) = 7.30 kcal/mole. K, at 4000? is obtained from 
Equation (ii.76): 


Кр = 5.30-10-11g-0 3002 ((1/4,000)—(1/298)) = 152.107 


Therefore K = 1.52.10-6 (4,000/1.2181) = 5.00-10-3, and the estimate of (СН:О:) = 0.005F!*, When F = 
10-*, (СН:0:) = 1.5. Actually, at values of F this large or larger, the independent variables will be less 
than was assumed, keeping (CH;0;) within the limits of possibility. But it nevertheless appears that 
this compound will be important under detonation conditions. А 

А complete statistical mechanical calculation, assuming rigid rotators and harmonic oscillators, was 
therefore carried out for this compound. The calculations were carried out using formulas given by 
Herzberg’ and tables given by Aston.: In the temperature range of 1000 to 6000°K, the computed values 
were fitted by the equation 


loge Kp = —5.945 — 1,455/T _ (61.79) 


At 4000° this gives a value of K, about one-third the approximate value used above. At very high 
values of F, formic acid monomer is one of the most abundant components (see Figure (ii.1)]. 

A similar survey was made of the listed gaseous compounds which require the presence of free carbon 
for their formation. In previous calculations the only additional compounds which were considered when 
free carbon was present were HCN and C;H; . The latter compound is never present in large quantities 
(as would be expected since it forms endothermically from hydrogen and carbon), and its omission would 
not lead to any appreciable error. On the basis of the approximations mentioned above, the following 
compounds seemed likely to be important: СН.О, С.Н. , CH, , С.Н.О (acetaldehyde); and C;H,OH 
(ethanol). The equilibrium constants for the formation of these molecules were computed by statistical 
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Figure ii.1. Major products of decomposition of RDX at three temperatures. 


mechanics, using approximate values for the contributions of the vibrational degrees of freedom to the 
free energy, and using approximate values of the moments of inertia when experimental values were not 
readily available. The equilibrium concentrations were then calculated for TNT at 4000°, for values of 
F equal to 1, 10, 10*, and 10%, using these compounds, HCN, and the compounds normally included in 
the case of no free carbon. All the additional compounds considered for the case of free carbon proved 
to be appreciable for at least some range of values of F. However, C;H4O had a maximum value of only 
0.01 mole per 100 g of explosive (for values of F about 10* or larger), and no appreciable error would 
result from its exclusion. Careful calculations were then made for the other four new compounds. These 
did not differ greatly from the approximate values used in the TNT calculations. This was to be ex- 
pected, since the equilibrium constants depend mainly on the heats of formation and only slightly on 
the contributions of the different degrees of freedom to the entropy. 
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The new reactions for the case of free carbon, and the values of the equilibrium constants are the 
following: 


Reaction 23: СН:0 = CO + Hi, A» = —1 

log К, = —6.36 + 0.63-10?/T (11.80) 
Reaction 25: С.Н, = 2C + 2Н,, A» = —1 

log K, = 3.5 — 2.25.10:/Т (11.81) 
Reaction 26: С.Н, = 2C + ЗН; , А» = —2 

log К, = —10.40 + 5.34-10'/Т (11.82) 
Reaction 27: C:H,OH = C + ЗН, + CO, r= -3 

log Ky = —17.515 + 6.875-10:/Т (11.83) 


The calculated values of К, do not fit the given equation exactly, especially in the cases of the large 
molecules. These equations are the linear equations in 2 that best fit the calculated values of log K, in 


the temperature range from 1000 to 6000°K. 

Because of the high temperature with which we are concerned, those internal degrees of freedom which 
are rotational at high temperatures have been treated only as rotations. In the case of С.Н, there is 
one such degree of freedom, involving the twisting of two CH; groups relative to each other. In the case 
of C;H,OH there are two such degrees of freedom. One is a twisting similar to that in CH, , the CH; 
group twisting about the C—C bond. The other involves a twisting of the H in the OH group about 
the C—O bond. 

While this appendix has been concerned primarily with C-H-N-O explosives, important commercial 
and military explosives also involve sodium nitrate, aluminum, sulfur, and other ingredients besides C, 
H, N and O. In the case of sodium nitrate without sulfur, the products are (besides other usual species) 
Na,O and NaCO; . Owing to the high fugacity in detonation, one expects the ratio Ма СО; /МалО to be 
appreciable at least in some C-H-N-O-8N explosives. Also when sulfur is present, Na,SO, , NaSO; , 
HS, and other species must be taken into account. Apparently no one has studied in detail the SN 
reactions in detonation, despite the great importance of SN in commercial explosives. Instead, one 
usually assumes simply that sodium goes exclusively into the formation of Na4O. This assumption is 
probably incorrect, because, as shown in Chapter 12, Na4CO; should form when СО, is present, and also 
Na,SO; , Ма:ЗО; , and/or Na:S should form in the presence of sulfur. The distribution of Na and 8 
between Na,O, Na4CO; , Na48O; , H:S, and 80, also is a problem of considerable importance in commer- 
cial explosives. Fair success was achieved in C-H-N-O-SN-S explosives neglecting NaCO, formation 
by merely assuming all the Na to go to Na,O and the 8 to form SO; unless there is an excess of oxygen 
and where the temperature is below 2850°K. Below 2850°K evidence indicated that NaSO, should be 
considered; aribitrary methods based on fume analyses may be used to decide the approximate distribu- 
tions of these products. Further study of this problem is thus required for the proper application of 
theoretical methods in the commercial C-H-N-O-SN-S explosives. 

The reactions of aluminum have been studied carefully in the author's laboratory.C^- 3. Ref. * At low 
temperatures and pressures, aluminum oxide exists as crystalline Al30; (corundum), the stable form of 
which has a heat of formation of 399.1 kcal/mol (using the convention that heat given off is positive). 
At a pressure of 1 atm, it melts at 2313°K, with a heat of fusion of 26 kcal/mol. The normal boiling point 
has not been observed directly, but on the basis of experiments made around 2500°K? it has been cal- 
culated to be 3770? + 200°К. АІ,0, does not apparently exist in the vapor state; decomposition occurs 
on vaporisation, and apparently the oxide of aluminum in the gas consists of AlO. If other materials 
are present, AlO may react with them, and in the presence of reducing mixtures the suboxide replaces 
AIO as the dominant aluminum containing gas. Indirect methods indicate that this suboxide is АО. 
AIO has been studied spectroscopically, giving а value for the heat of formation of 45 kcal/mol. It was 
pointed out? that the lower electronic state found in the spectroscopic studies may not be the ground 
state of the molecule. Chemical evidence was presented there which indicated а heat of formation of 
about —8 kcal/mol for AIO. Reference 3 gave results which indicated a heat of formation for Al,O of 
about 39 kcal/mol. 

The only compounds of sluminum which might conceivably form in detonation besides the oxides are 
AIN and AIH. ALC; exists only in the solid state, decomposing on vaporization. However, careful con- 
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siderations show that none of these can be important as detonation products, and the significant prod- 
ucts are considered therefore to be only Al,O,(c), Al;O (g) and AIO (g). 

The heat capacities at constant volume for Al;O and AIO were calculated on the basis of rigid-rotor 
and the harmonic-oscillator approximation. The spectroscopically observed frequency of 977 cm^! was 
used for AIO. For Al3O, nodata were available. Comparing with other triatomic molecules, and assuming 
that Al,O is nonlinear, it was assumed that Al;O has vibration frequencies of 500, 977, and 1580 ст-!. 
The harmonic-oscillator heat capacities were taken from a table given by Aston.* Heat-capacity data 
for Al,O; are given by Ginnings and Corruccini up to 900?C.* The reactions yielding A1;O (g) and AIO (g) 
may be reduced to the following: 


АО + 2CO; = А10, + 2CO 
AIO + СО = ЗАО; + 1CO 


Their equilibrium constants аге then 


Ka = — Kn = Kyu (=) - ae (ii.84) 
Kyo = ше H Ka = (3) Ky» = (oer (1.85) 
Solving these expressions for (Al;O) and (AIO), one obtains 
fu e (ALO) = Kes TO (1.86) 
— (1.87) 


(Сори F 
Putting the remaining aluminum into Al,0; , one finds 
yu = (Al)0)) = 4Al, — ув — lys (ii.88) 


where Al, is the number of gram-atoms of Al in 100 g of explosive. 

There is sufficient uncertainty in the available thermochemical data for Al;O and AIO that a consider- 
able variation is possible in the values of the equilibrium constants calculated by statistical mechanics. 
While it does not, therefore, seem possible at the present time to give precise values for K, , the follow- 
ing are considered to be the best data available at present: 


Куз = 101-40762.10/T (11.89) 
Крю = 1018-310-49.000/7 (11.90) 
Heat-capacity data computed by the approximate methods аге given іп the next section, together with 
Кр data from Equations (1.89) and (ii.90). With these data one may carry out at least qualitative ther- 
mohydrodynamic calculations for aluminized explosives. 
У. Calculations Involving Free Carbon 


Additional Equations. The most important consequence of having free carbon present during the 
chemical reaction is that the concentrations (CO) and (COs) are no longer independent; they are related 
by the coke-oven reaction, which is reaction 8, 


2CO = C + CO; 
(CO)? T4 
K, = K,,(1.2181/T) = (COs) F = Рн 


Either т; ог z« must be eliminated as an independent variable. It was found more convenient to use т, 
as the independent variable. However, rather than rewriting those equations given in Section III which 
involve z; , by introducing 1/K; into the factor y; and adding a factor т, , it was far more convenient to 
calculate z; from Equation (1.91) and to use it as an auxiliary variable. 


т = К, (41.91) 
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In this way the quantities y; to y could be calculated exactly as in the case of no free carbon. Five 
new y’s must be calculated. 


уз = (НСМ) = ум 22, yu = Ku /F!^ (11.92) 
Уп = (CHO) = ytt, yn = Ка (ii.93) 
Ув = (С:Н,) = yuti, yu = К» (ii.94) 
yo = (СН) = yozi, y» = Ka Fn (ii.95) 
ую = (С:Н.ОН) = yozizi, ую = KnF (01.96) 


The additional molecules must be included іп the atom-balance equations. Therefore the following four 
quantities must be added to the left-hand sides of Equations (ii.55) to (11.58), respectively. 


— (yu + 2yn + 4yn + бу» + бую) (11.97) 
— (ущ) (11.98) 
— (уп + y») (11.99) 
— (уш + yn + 2yi + 2у» + 2y20) (11.100) 


When equation (ii.100) is added to R, , no account has been taken of the possibility that solid carbon 
may be present. Therefore it is not necessary that the sum be zero. However, it should not be negative. 
Similarly, the following primed quantities must be added to the corresponding unprimed quantities in 
Equations (1.66) to (1.68). 


An = 0.59 + 2ут + Syn + 18у» + 18y20 
An = Уз 

Au = 2ут + бую 

Ri = — (ув + 2ут + Ayu + бу» + бую) 


(11.101) 


An - 0.5916 


Аз = 
ETA (1.102) 


Au = О 


, 


Ез = — Vie 


An = уп + Зую 


Ам =O 
я (41.103) 
Аз = уп + Уго 


(4 


Ri = — (уп + yo) 


There are по Aj;3’s since т; is no longer an independent variable, and hence Л, is not to be found from 
this system of equations. However, since х: = z4/K; , it is necessary to include in the Ay’s the terms 
An listed in Equations (1.66) to (11.68). Similarly, if there is free carbon present, the molecular concen- 
trations yi to уго need not account for all the carbon present, and the fourth row is not to be used. There 
are now three simultaneous equations in three unknowns instead of four equations in four unknowns. 
The scheme represented by Équation (11.70) can still be used to solve these equations by diagonaliza- 
tion, except that, in order to be consistent with the form of Equation (ii.70), the terms Aj must be called 
An. 

Another concentration must be added to the 20 already being used. This is the number of gram-atoms 
of solid carbon (C). First the quantity Ri is formed, as in Equation (ii.100) 


—R' = (yu + ут + 2у + 2ys + 2ys) 
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TABLE її.1. List or REACTIONS AND DEFINITIONS OF EQUILIBRIUM CONSTANTS 





























$ HH. Nan — к, = pos pin 

в N= ; м,, KA = a к, = Es pn 

8.t 2С0 = CO: + C, Ky oe к. - (097 

12. СН, + СО, = 2С0 + 2H:, | Ku = ee | — — 
I1 za ASM, о. ROR n 
15. $N: +2 m= NE, Kys = Oe no 
муа SNS В ше Ripe" Aem meia 
21. CO + 2Н, == СЊОН, — оова" ( Д - (Сол p 
e АИ 
— m UTER Ku = (Codi) Р 
м. 0+CO=COs, E Ky = (9500) 

25} C;H, = 2C + 2Н:, — m Ku = np 1 

26.1 С.Н, = 2C + 3Hs, Km = ay Ku = one * 

т |а. бааар 
28. ALO + 200, = AkO, +200, | Кы = МАНОЛО, Ka = DF 
29. AlO + Е со, = kas E | T ——— 

2 As + 2 CO, 





t These reactions apply only in the presence of free carbon. 
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TABLE ii.2. CONSTANTS FOR FuGacITY CALCULATIONS OF EQUILIBRIUM CONCENTRATIONS 
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TABLE ii.2. CONSTANTS FOR Fucacity CALCULATIONS OF EQUILIBRIUM CONCENTRATIONS (continued) 














T(°K) Kw Ku Kn Kn 

1000 2.992 2.570 (—5) 2.351 (+1) 3.302 (—5) 
1100 4.991 1.023 (—4) 5.593 (+1) 4.921 (—5) 
1200 7.587 3.235 (—4) 1.134 (+2) 6.914 (—5) 
1300 1.074 (+1) 8.570 (—4) 2.036 (+2) 9.278 (—5) 
1400 1.440 (+1) 1.975 (—3) 3.326 (+2) 1.200 (—4) 
1500 1.847 (+1) 4.073 (—3) 5.040 (+2) 1.528 (—4) 
1600 2.287 (+1) 7.672 (—3) 7.192 (+2) 1.849 (—4) 
1700 2.751 (+1) 1.341 (—2) 9.768 (+2) 2.221 (—4) 
1800 3.232 (+1) 2.204 (—2) 1.274 (+3) 2.623 (—4) 
1900 3.722 (+1) 3.437 (—2) 1.607 (+3) 3.052 (—4) 
2000 4.215 (+1) 5.127 (—2) 1.969 (+3) 3.508 (—4) 
2100 4.706 (+1) 7.363 (—2) 2.356 (+3) 3.988 (—4) 
2200 5.191 (+1) 1.023 (—1) 2.761 (+3) 4.492 (—4) 
2300 5.665 (+1) 1.381 (—1) 3.178 (+3) 5.016 (—4) 
2400 6.127 (+1) 1.918 (—1) 3.603 (+3) 5.561 (—4) 
2500 6.575 (+1) 2.344 (—1) 4.031 (+3) 6.124 (—4) 
2600 7.006 (+1) 2.961 (—1) 4.457 (+3) 6.705 (—4) 
2700 7.419 (+1) 3.677 (—1) 4.878 (+3) 7.302 (—4) 
2800 7.815 (+1) 4.495 (—1) 5.290 (+3) 7.914 (—4) 
2900 8.192 (+1) 5.420 (—1) 5.690 (+3) 8.541 (—4) 
3000 8.551 (+1) 6.455 (—1) 6.078 (+3) 9.182 (—4) 
3100 8.891 (+1) 7.601 (—1) 6.450 (+3) 9.835 (—4) 
3200 9.213 (+1) 8.859 (—1) 6.806 (+3) 1.050 (—3) 
3300 9.517 (+1) 1.023 7.145 (+3) 1.118 (-3) 
3400 9.803 (+1) 1.171 7.465 (+3) 1.186 (—3) 
3500 1.007 (+2) 1.331 7.768 (+3) 1.256 (—3) 
3600 1.033 (+2) 1.502 8.052 (+3) 1.326 (—3) 
3700 1.056 (+2) 1.683 8.318 (+3) 1.398 (—3) 
3800 1.079 (+2) 1.875 8.566 (+3) 1.470 (—3) 
3900 1.099 (+2) 2.078 8.796 (+3) 1.543 (—3) 
4000 1.119 (+2) 2.290 9.009 (+3) 1.617 (—3) 
4100 1.137 (+2) 2.513 9.205 (+3) 1.692 (—3) 
4200 1.154 (+2) 2.744 9.385 (+3) 1.767 (—3) 
4300 1.169 (+2) 2.985 9.549 (+3) 1.843 (—3) 
4400 1.184 (+2) 3.235 9.698 (+3) 1.919 (-3) 
4500 1.197 (+2) 3.494 9.832 (+3) 1.996 (—3) 
4600 1.209 (+2) 3.759 9.953 (+3) 2.074 (—3) 
4700 1.221 (+2) 4.033 1.006 (+4) 2.152 (—3) 
4800 1.231 (+2) 4.314 1.016 (+4) 2.230 (—3) 
4900 1.241 (+2) 4.602 1.024 (+4) 2.309 (—3) 
5000 1.250 (+2) 4.896 1.031 (+4) 2.389 (—3) 
5100 1.258 (+2) 5.197 1.037 (+4) 2.469 (—3) 
5200 1.265 (+2) 5.504 1.043 (+4) 2.549 (—3) 
5300 1.271 (+2) 5.816 1.047 (+4) 2.630 (—3) 
5400 1.277 (+2) 6.133 1.050 (+4) 2.711 (-3) 
5500 1.283 (+2) 6.455 1.053 (+4) 2.792 (—3) 
5600 1.287 (+2) 6.781 1.055 (4-4) 2.874 (—3) 
5700 1.292 (+2) 7.112 1.056 (+4) 2.956 (—3) 
5800 1.295 (+2) 7.446 1.056 (+4) 3.038 (—3) 
5900 1.298 (+2) 7.785 1.056 (+4) 3.121 (—3) 
6000 1.301 (+2) 8.126 1.055 (+4) 3.204 (—3) 
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TABLE ii.2. Constants ғов FuaaciTy CALCULATIONS OF EQUILIBRIUM CONCENTRATIONS (continued) 


Ks» 


Ks 


Ku 


Ku 


T(°K) 


per oce TO Nc a N 8, 


we cce ж. Ф ге а а фе. oe 


тла ЖИ, м, те Тв рн га ае 


Лев 


ж ЛЮ Жо Жо ЖО о c» іа а ив 


мт = 
со со с© са са са сз ез сз сз 
КАУ ИПИ ЖМ tad 

ed 
88555825865 


2) 

2) 

= 
(-1) 


oe ж.ж ж о 
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TABLE 1.2. CONSTANTS ғов FuGACITY CALCULATIONS OF EQUILIBRIUM CONCENTRATIONS (continued) 


T(*K) 
1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 


4700 


5100 


NOTE: 7.813 (—11) stands for 7.813.10-1, etc. 


Google 


Kn 
1.232 (—2) 
3.899 (—3) 
1.529 (—3) 
7.061 (—4) 
3.702 (—4) 
2.145 (—4) 
1.348 (—4) 
9.045 (—5) 
6.407 (—5) 
4.747 (—5) 
3.653 (—5) 
2.903 (—5) 
2.371 (—5) 
1.983 (—5) 
1.692 (—5) 
1.470 (—5) 
1.296 (—5) 
1.159 (—5) 
1.049 (—5) 
9.595 (—6) 
8.858 (—6) 
8.246 (—6) 
7.735 (—6) 
7.304 (—6) 
6.939 (—6) 
6.628 (—6) 
6.363 (—6) 
6.135 (—6) 
5.940 (—6) 
5.772 (—6) 
5.628 (—6) 
5.504 (—6) 
5.398 (—6) 
5.307 (—6) 
5.230 (—6) 
5.166 (—6) 
5.113 (—6) 
5.069 (—6) 
5.034 (—6) 
5.008 (—6) 
4.988 (—6) 
4.976 (—6) 
4.969 (—6) 
4.968 (—6) 
4.972 (—6) 
4.982 (—6) 
4.995 (—6) 
5.013 (—6) 
5.035 (—6) 
5.061 (—6) 
5.091 (—6) 
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2750 


3250 
3500 
3750 


4500 
4750 


5250 


5750 
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TABLE ii.3. Ip—EAL Mota Heat Capacities Cy (300° < T < 6000°) 


5.091 
5.152 
5.230 


5.321 
5.417 
5.518 
5.623 
5.726 


5.827 
5.924 
6.017 
6.105 
6.188 


6.267 
6.341 
6.411 
6.477 


7.233 
7.295 
7.351 
7.402 


(7.449) 
(7.493) 
(7.535) 
(7.577) 


Google 


(cal/mol/K?) 
COst Cot 
6.907 4.978 
7.884 5.026 
8.675 5.133 
9.324 5.289 
9.682 5.464 

10.313 5.637 
10.691 5.800 
11.008 5.945 
11.278 6.071 
11.503 6.181 
11.693 6.278 
11.857 6.362 
12.001 6.432 
12.029 6.494 
12.243 6.549 
12.344 6.598 
12.434 6.640 
12.515 6.678 
12.589 6.712 
12.656 6.743 
12.718 6.771 
12.776 6.797 
12.830 6.819 
12.952 6.869 
13.056 6.911 
13.148 6.946 
13.229 6.976 
13.302 7.003 
13.368 7.028 
13.430 7.051 
13.488 7.072 
13.544 7.091 
13.599 7.109 
(13.642) (7.127) 
(13.681) (7.143) 
(13.718) (7.160) 
(13.752) (7.175) 


11.054 
11.160 
11.247 
11.321 


11.383 
11.437 
11.487 
11.534 


(11.573) 
(11.608) 
(11.639) 
(11.667) 


8 


ЕЖЕ бооз 
SNSRSSRF 


12.34 
12.82 


13.67 
14.01 


14.34 
14.63 
14.89 
15.12 
15.33 


15.52 
15.70 
15.85 
15.99 


16.11 
16.38 
16.60 


16.77 
16.91 
17.02 
17.12 


— 
=з 


17.43 
17.47 
17.50 
17.53 


сн 


6.55 
7.71 
9.11 
10.52 
11.85 
13.07 
14.17 
15.17 


ызы 
yoe 


3388 
58858 


TABLE ii.3. Товль Могль Heat Capacities Cy (300° < T < 6000°) (continued) 


T(°K) 
300 


400 
500 


88888 


1100 
1300 


1400 
1500 


2700 


3250 


3750 


4250 


4750 


5250 


5750 
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CH;OHt 


8.16 
9.94 
11.95 


13.77 
15.43 
16.89 
18.18 
19.33 


20.31 
21.21 
21.95 
22.65 
23.21 


BELLS 
зева 


SEEN 
8838 


NEN 
S818 


SNNN 
dgRiE 


BERN 
5882 


SENS 
2288 


сно: 
9.87 
11.62 
13.18 


14.57 
15.68 
16.62 
17.43 
18.12 


MI 
25*883 


КЕК 
558 
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(cal/mol/K°) 
Ost 


5.032 
5.207 
5.442 


(8.210) 
(8.248) 
(8.284) 
(8.318) 


OHt 


5.152 
5.087 
5.061 


5.066 
5.100 
5.163 
5.247 
5.346 


(7.472) 
(7.522) 
(7.571) 
(7.616) 


NOt 


5.147 
5.175 
5.302 


5.481 
5.670 
5.846 
6.003 
6.139 


(7.245) 
(7.269) 
(7.293) 
(7.317) 


Ht 
2.981 
2.981 
2.981 


2.981 
2.981 
2.981 
2.981 
2.981 


2.981 
2.981 
2.981 
2.981 
2.981 


2.981 
2.981 
2.981 
2.981 
2.981 


2.981 
2.981 
2.981 


2.981 
2.981 
2.981 
2.981 


2.981 
2.981 
2.981 
2.981 


2.981 
2.981 
2.981 
2.981 
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Tasua ii.3. Inga, MoLAL Hear Capacitizs C? (300? < T < 6000°) (continued) 


(cal/mol/K°) 

тек) Nt ot HCN CHO сн сн 

300 2.981 3.247 6.61 6.46 8.53 9.60 

400 2.981 3.147 7.40 7.35 10.99 12.61 

500 2.981 3.093 7.99 8.29 13.25 15.75 

600 2.981 3.062 8.48 9.48 15.18 18.63 

700 2.981 3.041 8.92 10.47 16.83 21.19 

800 2.981 3.028 9.31 11.36 18.27 23.46 

900 2.981 3.019 9.67 12.12 19.52 25.44 
1000 2.981 3.012 9.99 12.79 20.61 27.16 
1100 2.981 3.007 10.28 13.37 21.58 28.66 
1200 2.981 3.002 10.52 13.87 22.42 29.99 
1300 2.981 2.999 10.76 14.30 23.16 31.08 
1400 2.981 2.997 10.96 14.67 23.78 32.08 
1500 2.981 2.995 11.14 14.99 24.38 32.91 
1600 2.981 2.993 11.30 15.27 24.90 33.70 
1700 2.981 2.992 11.44 15.52 25.31 34.30 
1800 2.981 2.991 11.56 15.73 25.70 34.87 
1900 2.982 2.991 11.67 15.92 26.05 35.38 
2000 2.982 2.991 11.77 16.08 26.35 35.82 
2100 2.983 2.991 11.86 16.23 26.62 36.22 
2200 2.984 2.991 11.94 16.36 26.87 36.56 
2300 2.985 2.993 12.01 16.48 27.08 36.88 
2400 2.988 2.994 12.08 16.58 27.27 37.16 
2500 2.991 2.996 12.13 16.67 27.45 37.41 
2750 3.003 3.005 12.25 16.87 27.82 37.94 
3000 3.024 3.017 12.35 17.02 28.11 38.35 
3250 3.056 3.034 12.42 17.14 28.34 38.68 
3500 3.100 3.054 12.49 17.24 28.53 38.95 
3750 3.157 3.078 12.54 17.32 28.69 39.17 
4000 3.227 3.104 12.58 17.38 28.82 39.35 
4250 3.331 3.133 12.62 17.44 28.92 39.50 
4500 3.406 3.163 12.65 17.48 29.01 39.63 
4750 3.511 3.193 12.68 17.52 29.09 39.74 
5000 3.624 3.223 12.70 17.56 29.16 39.83 
5250 (3.744) (3.253) 12.72 17.59 29.22 39.91 
5500 (3.869) (3.283) 12.74 17.61 29.27 39.98 
5750 (3.998) (3.312) 12.75 17.63 29.31 40.05 
6000 (4.131) (3.340) 12.76 17.65 29.35 40.10 
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TABLE ii.3. Ingar Могль Нвлт Capacities C; (300° < T < 6000°) (continued) 


(cal/mol/K°) 

тек) CH:301 CsHOHY C(s)t Als0;(c) AIO(g) Al:0(g) 
300 6.46 13.99 2.083 

400 7.35 16.69 2.851 

500 8.29 20.27 3.496 

600 9.48 23.31 4.02 

700 10.47 25.92 4.42 

800 11.36 28.18 4.74 

900 12.12 30.13 4.97 

1000 12.79 31.84 5.13 27.89 6.658 10.868 
1100 13.37 33.33 5.26 30.32 6.705 11.024 
1200 13.87 34.62 5.41 30.70 6.743 11.150 
1300 14.30 35.77 5.56 31.02 6.772 11.252 
1400 14.67 36.75 5.66 31.34 6.800 11.339 
1500 14.99 37.61 5.75 31.60 6.816 11.405 
1600 15.27 38.36 5.82 31.83 6.832 11.463 
1700 15.52 39.02 6.89 32.06 6.845 11.512 
1800 15.73 39.60 5.94 32.28 6.857 11.553 
1900 15.92 40.12 5.99 32.48 6.867 11.589 
2000 16.08 40.57 6.04 32.66 3.875 11.620 
2100 16.23 3 6.09 32.80 6.885 11.649 
2200 16.36 41.34 6.13 32.92 6.889 11.670 
2300 16.48 41.66 6.17 33.05 6.894 11.690 
2400 16.58 31.96 6.21 33.15 6.899 11.709 
2500 16.67 42.22 6.25 33.23 6.903 11.724 
2750 16.87 42.79 6.33 33.41 6.912 11.751 
3000 17.02 43.20 6.41 33.55 6.919 11.783 
3250 17.14 43.55 6.49 33.67 6.924 11.804 
3500 17.24 43.82 6.56 33.74 6.928 11.820 
3750 17.32 44.05 6.63 33.79 6.932 11.833 
4000 17.38 44.24 6.71 33.83 6.934 11.843 
4250 17.44 44.40 (6.79) 33.85 6.937 11.852 
4500 17.48 44.54 (6.86) 33.87 6.939 11.860 
4750 17.52 44.65 (6.93) 33.89 6.940 11.866 
5000 17.56 44.75 (7.01) 33.90 6.942 11.873 
5250 17.59 44.83 (7.09) 33.91 6.943 11.878 
5500 17.61 44.92 (7.16) 33.92 6.944 11.882 
5750 17.63 44.98 (7.23) 33.93 6.945 11.886 
6000 17.65 45.04 (7.30) 33.94 6.946 11.889 


t Adapted from National Bureau of Standards, ‘‘Selected Valu 
erties Series III." 

1 Calculated from "Statistical Mechanics." 

NOTE: Values in ( ) are extrapolated. 


of Chemical Thermodynamic Prop- 
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TABLE 1.4. C? ‚ AVERAGE IpzAL MoLaL Heat САРАСІТІЕЅ. (РВОМ 300°К To T°K) 


TCF) 


1000 
1100 
1200 
1300 
1400 
1500 


1600 
1700 
1800 
1900 


H: 


5.054 
5.082 
5.114 
5.148 
5.187 
5.228 


5.270 
5.313 
5.357 
5.401 
5.445 


20.00 
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5.810 


jenB 5532 BE 


oooooo oooo ooooo Han NN 
e 


2856 8 
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RES S888 8555: 
558 


(cal/mol/K°) 
CO: co 
9.395 5.400 
9.615 5.476 
9.812 5.548 
9.991 5.617 
10.153 5.681 
10.302 5.741 
10.437 5.796 
10.562 5.848 
10.678 5.896 
10.785 5.942 
10.884 5.984 
10.977 6.023 
11.063 6.060 
11.145 6.095 
11.221 6.128 
11.293 6.159 
11.456 6.229 
11.600 6.290 
11.727 6.344 
11.841 6.393 
11.944 6.436 
12.039 6.475 
12.125 6.511 
12.204 6.544 
12.278 6.574 
12.347 6.602 
12.411 6.628 
12.472 6.652 
12.530 6.675 
12.586 6.697 
O: OH 
5.746 5.137 
5.828 5.170 
5.903 5.207 
5.971 5.248 
6.033 5.292 
6.090 5.338 
6.143 5.384 
6.194 5.430 
6.241 5.476 
6.286 5.522 
6.328 5.567 
6.370 5.611 
5.409 5.654 
6.448 5.695 
6.485 5.736 
6.522 5.715 
6.610 5.868 
6.693 5.954 
6.771 6.034 
6.846 6.109 
6.917 6.178 
6.984 6.243 
7.047 6.304 
7.106 6.362 
7.162 6.416 
7.215 6.468 
7.264 6.518 
7.310 6.565 
7.354 6.610 
7.396 6.653 


ню 


6.867 
7.011 
7. 153 
7.293 
7.430 
7.564 


7.694 
7.820 
7.941 
8.057 
8.168 


8.275 
8.377 
8.474 
8.567 


8.656 
8.862 
9.045 
9.210 
9.359 


229 
— С 88 
Ф м сло м 


Oo nnn n n On 
eos 


МН: 


9.62 
9.92 
10.22 
10.50 
10.77 
11.03 


11.27 
11.50 
11.72 
11.92 
12.12 


12.30 
12.48 
12.64 
12.80 


12.94 
13.28 
13.58 
13.84 
14.08 


14.29 
14.48 
14.64 
14.80 


14.94 
15.07 
15.19 
15.29 
15.40 
15.49 


H 


2.981 
2.981 
2.981 
2.981 
2.981 
2.981 


2.981 
2.981 
2.981 
2.981 
2.981 


2.981 
2.981 
2.981 
2.981 


2.981 
2.981 
2.981 
2.981 
2.981 


2.981 
2.981 
2.981 
2.981 


2.981 
2.981 
2.981 
2.981 
2.981 
2.981 
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TABLE 11.4. Ct, AVERAGE IpzaL Moxa Heat Capacities (РВОМ 300°К to T°K) (Continued) 


(cal/mol/K°) 
TCK) о HCN CH;0 GH СН C:H,OH 
1000 3.073 8.59 9.81 15.53 19.36 23.92 
1100 3.065 8.78 10.22 16.23 20.44 25.01 
1200 3.058 8.96 10.60 16.87 21.42 26.00 
1300 3.052 9.13 10.95 17.46 22.34 26.92 
1400 3.047 9.29 11.27 18.01 23.18 27.77 
1500 3.043 9.43 11.57 18.52 23.96 28.56 
1600 3.039 9.57 11.85 18.99 24.67 29.28 
1700 3.036 9.70 12.10 19.42 25.34 29.96 
1800 3.033 9.82 12.33 19.83 25.96 30.58 
1900 3.030 9.93 12.55 20.21 26.53 31.16 
2000 3.028 10.04 12.75 20.56 27.06 31.70 
2100 3.026 10.14 12.94 20.89 27.56 32.21 
2200 3.024 10.23 13.12 21.20 28.02 32.68 
2300 3.023 10.32 13.28 21.48 28.46 33.12 
2400 3.021 10.40 13.44 21.75 28.87 33.53 
2500 3.020 10.48 13.59 22.01 29.25 33.92 
2750 3.018 10.65 13.92 22.59 30.11 34.80 
3000 3.017 10.80 14.20 23.09 30.86 35.56 
3250 3.018 10.94 14.44 23.55 31.50 36.22 
3500 3.020 11.06 14.66 23.91 32.08 36.81 
3750 3.023 11.16 14.85 24.25 32.58 37.32 
4000 3.028 11.26 15.02 24.55 33.04 37.78 
4250 3.034 11.34 15.17 24.83 33.44 38.20 
4500 3.040 11.42 15.31 25.07 33.81 38.57 
4750 3.048 11.49 15.43 25.30 34.13 38.91 
5000 3.057 11.55 15.54 25.50 34.43 39.22 
5250 3.066 11.61 15.64 25.69 34.71 39.51 
5500 3.076 11.66 15.73 25.86 34.97 39.77 
5750 3.086 11.72 15.82 26.01 35.19 40.00 
6000 3.096 11.76 15.90 26.16 35.41 40.22 
T(°K) C(s) AlsOx(c) AlO(g) А.О (8) 
1000 3.31 26.67 6.22 9.69 
1100 4.18 27.10 6.28 9.84 
1200 4.31 27.48 6.33 9.98 
1300 4.43 27.82 6.37 10.10 
1400 4.53 28.13 6.41 10.21 
1500 4.63 28.40 6.44 10.31 
1600 4.72 28.66 6.47 10.40 
1700 4.80 28.89 6.50 10.47 
1800 4.88 28.11 6.52 10.54 
1900 4.95 29.32 6.54 10.61 
2000 5.01 29.51 6.56 10.67 
2100 5.07 29.69 6.58 10.72 
2200 5.13 29.86 6.60 10.77 
2300 5.18 30.01 6.61 10.82 
2400 5.23 30.16 6.63 10.86 
2500 5.27 30.30 6.64 10.90 
2150 5.38 30.59 6.67 10.98 
3000 5.47 30.85 6.69 11.06 
3250 5.55 31.09 6.71 11.12 
3500 5.63 31.29 6.73 11.17 
3750 5.70 31.47 6.74 11.22 
4000 5.77 31.63 6.75 11.26 
4250 5.83 31.77 6.76 11.30 
4500 5.89 31.89 6.77 11.33 
4750 5.95 32.01 6.78 11.36 
5000 6.00 32.11 6.79 11.39 
5250 6.06 32.20 6.80 11.41 
5500 6.11 32.28 6.81 11.44 
5750 6.16 32.36 6.81 11.46 
6000 6.21 32.43 6.82 11.48 
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TABLE ii.5. COMPOSITIONS AND Heats oF FORMATION or EXPLOSIVES, EXPLOSIVES PRODUCTS, AND 
EXPLOSIVES INGREDIENTS AT T, (Adapted from Tables by Schmidt, "National Bureau of Standards 
Circular No. 500," and Other Available Sources. No Attempt Has Been Made to Make This Table 
Complete.) 


Composition (gram- 


Formula Name COMES. — Heat of fe/mation x 
Co He Ne Oo (kcal/mol) weight 
H: Hydrogen 100 0.0 2 
N: Nitrogen 7.15 0.0 28 
CO Carbon monoxide 3.57 3.57 26.4 28 
CO: Carbon dioxide 2.27 4.54 94.05 44 
H,O Water 11.12 5.56 57.80(g); 68.4(1)| 18 
Ню! Hydrogen peroxide 5.89 5.89 44.9 34 
NH; Ammonia 17.65 | 5.88 11.04 17 
NHN; Ammonium azide 6.67 | 6.67 —19.0 60 
СН. Methane 6.25 | 25.0 17.89 16 
CH,0H Methyl alcohol 3.13 | 12.5 3.13 48.08 32 
CH:0: Formic acid 2.17 4.35 4.35 86.67 46 
O: Oxygen 6.26 0.0 32 
OH Hydroxyl 5.89 5.89 —10.06 17 
N40 Nitrous oxide 4.54 | 2.27 —18.0 44 
NO Nitric oxide 3.33 | 3.33 —21.60 30 
NO; Nitrogen dioxide 2.17 | 4.34 —4.1 46 
H Atomic hydrogen 100.0 —52.09 1 
М Atomic nitrogen 7.15 —85.09 14 
о Atomic oxygen 6.25 —59.16 16 
НСМ Hydrogen cyanide 3.70 | 3.70 | 3.70 —31.2 27 
C:N: Cyanogan 3.85 3.85 —73.9 52 
CH:0 Formaldehyde 3.33 | 6.67 3.33 27.7 30 
СН, Acetylene 7.70 | 7.70 —54.9 26 
С.Н. Ethane 6.67 | 20.0 25.0 30 
C;H,OH Ethyl alcohol 4.35 | 13.05 2.17 56.24 46 
С (в) Carbon 8.33 0.0 12 
CHNO: Nitromethane 1.64 | 4.92 | 1.64 | 3.28 25.6 61 
CHiN10; Nitrourea 0.95 | 2.86 | 2.86 | 2.86 131.9 105 
CH.N.Os Nitroguanidine 0.96 3.84 | 3.84 | 1.92 18.0 104 
CH4N:10, Urea nitrate 0.81 | 4.07 | 2.44 | 3.25 130.0 123 
CH4N:0; Methylamine nitrate | 1.06 | 6.39 | 2.13 | 3.19 58.0 94 
CH4N4O Guanidine nitrate 0.82 | 4.92 | 3.28 | 2.46 90.5 122 
C:HsNO: Nitroethane 2.67 6.66 | 1.33 | 2.67 35.4 75 
C:H.NO; Ethyl nitrate 2.20 5.50 | 1.10 | 3.30 33.7 91 
СзН«(МО:): | Ethyleneglycol dinie | 1.32 | 2.63 | 1.32 | 3.95 56.0 152 
trate 
CsHioN О, Ethylenediamine di- | 1.08 | 5.38 | 2.15 | 3.22 149.0 186 
nitrate 
CiHi;N:O, Nitroglycerin 1.32 2.20 | 1.32 | 3.97 82.7 227 
CHN 404 RDX 1.35 2.70 | 2.70 | 2.70 —18.3 222 
СМ: Cyanuric triazide 1.47 5.88 —222.0 204 
СНМ О.з Erythritol tetrani- 1.33 | 1.99 | 1.33 | 3.97 114.0 302 
trate 
C4H4N 50; Diéthyleneglycol di- | 2.04 | 4.08 | 1.02 | 3.57 99.4 196 
nitrate 
C.HsN.Os Diethanolnitramine 1.67 | 3.33 | 1.67 | 3.33 77.5 204 
dinitrate 
CsHsN.0i2 PETN 1.58 2.53 | 1.27 | 3.80 123.0 316 
СМ: 0, Trinitrotriazidoben- 1.79 3.57 | 1.79 —272.0 336 
zene 
C.MN.O. 1,2,4-Trinitrobensene | 2.82 | 1.41 | 1.41 | 2.82 2.3 213 
1,3,5-Trinitrobensene | 2.82 1.41 | 1.41 | 2.82 —12.4 
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TABLE 1.5. COMPOSITIONS AND HEATS ог FORMATION OF EXPLOSIVES, EXPLOSIVES 
PRODUCTS, AND EXPLOSIVES INGREDIENTS AT T, . (continued) 








Composition (gram-atoms/100g) AH; M 
Formula Name i ——————— —————— Heat of formation 
с. н. № о. (kcal/mol) weight 
С'Н.№,О, Рісгіс acid 2.62 1.31 | 1.31 | 3.06 53.5 229 
C.H,N,0, 2,4,6-Trinitroresor- 2.45 1.22 | 1.22 | 3.27 125.0 245 
cinol 
C.HiN.Os 2,3,4,6-Tetranitro- 2.20 1.10 | 1.83 | 2.93 8.5 273 
aniline (o) —2.5 
CHN 20, Dinitrobensene 3.57 | 2.38| 1.19 | 2.38 | (m) 4.0 108 
(p 5.6 
C4H4N:0, Dinitrophenol 3.26 2.17 | 1.09 | 2.72 53.0 184 
CHNO 2,4,6-Trinitroaniline | 2.63 1.76 | 1.76 | 2.63 27.0 228 
CHN: Phenyl azide 5.04 4.20 | 2.52 —82.0 119 
CHNO: Nitrobensene 4.87 4.07 | 0.81 | 1.63 6.2 123 
C.MMN.O. 2,3-Dinitroaniline 3.28 2.73 | 1.64 | 2.19 15.5 183 
С,Н,№,0, Trinitroanisol 2.88 | 2.06 | 1.24 | 2.88 44.2 243 
C.H.N:0: Nitroaniline 4.35 4.35 | 1.45 | 1.45 16.0 138 
C.H.N.O; Ammonium picrate 2.44 | 2.44 | 1.62 | 2.84 94.0 246 
CHN Oi Nitromannite 1.33 | 1.77 | 1.33 | 3.98 152.0 452 
CHN Oe Hexamine dinitrate 2.25 | 5.26 | 2.25 | 2.25 97.5 226 
C;H.\N.Os Tetranitroanisole 2.43 | 1.39 | 1.39 | 4.32 28.5 288 
СН \Ю+ TNT 3.08 2.20 | 1.32 | 2.64 13.0 227 
C.HMN. O- Totryl 2.44 1.74 | 1.74 | 2.79 —9.3 287 
СН, 20, DNT 3.85 3.30 | 1.10 | 2.20 6.9 182 
C;H:NO; Nitrotoluol 5.11 5.11 | 0.73 | 1.46 | (o) 8.4 137 
(ш) 12.7 
(р) 17.3 
Ci НМ О, 1,3,6,8-Tetranitro- 3.24 | 1.30 | 1.30 | 1.30 —1.0 308 
naphthalene 
CreHsN:0. | 1,3,8-Trinitronaph- 3.80 | 1.90 | 1.14 | 2.28 6.7 263 
thalene 
СьН№:0. | Dinitronaphthalene 4.59 | 2.75 | 0.92 | 1.84 —4.6 218 
CicH N Napthylamine 6.99 6.29 | 0.70 20.9 143 
CHO Camphor 6.57 | 10.52 0.66 74.9 152 
CuHuNO; Ethylphenylurethane | 5.70 | 7.77 | 0.52 | 1.04 86.2 193 
СзНыМ Diphenylamine 7.10 | 6.50 | 0.59 —31.4 169 
Cy Hi N30 Diphenylurea 6.13 | 5.66 | 0.94 | 0.47 1.0 212 
Nitrocellulose 
14.1% М 2.02 2.36 | 1.01 | 3.70 500.0 kcal/kg. 
13.45 N 2.10 | 2.54 | 0.96 | 3.67 588.0 kcal/kg. 
12.81 N 2.18 | 2.72 | 0.91 | 3.65 605.0 kcal/kg. 
12.2 N 2.25 | 2.87 | 0.87 | 3.62 664.0 kcal/kg. 
11.04 N 2.32 | 3.03 | 0.83 | 3.59 699.0 kcal/kg. 
11.05 N 2.39 | 3.19 | 0.79 | 3.57 754.0 kcal/kg. 
Wood pulp 4.17 | 6.30 2.14 1050.0 kcal/kg. 
Starch 3.55 | 6.48 3.17 1265.0 kcal/kg. 
Nut meal 2.88 | 5.28 | 0.85 | 2.48 1150.0 kcal/kg. 
Shell paper 4.52 | 9.51 2.6 1050.0 kcal/kg. 
Paraffin (1) 7.05 | 15.4 850.0 kcal/kg. 
Paraffin (s) 7.10 | 14.8 500.0 kcal/kg. 
Petroleum 7.05 | 14.0 400.0 kcal/kg. 
С.М НЕО: Mercury fulminate —65.4 kcal/mol 284.6 
C4H3N,04,Pb | Lead trinitroresor- 200.0 468.0 
cinol 
N4Pb Lead aside —112.0 291.3 
C.H:CIN;0, | Picryl chloride —11.1 247.6 
C4HN;O;Pb | Lead styphnate —92.3 450.3 
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TABLE 1.6. QUADRATIC APPROXIMATIONS IN 


THE SCIENCE OF HIGH EXPLOSIVES 


T 
Rance 2000? < Т < 6000°K 














1 FOR НЕАТ CAPACITIES РОВ THE 


3 
C= A+ — (: + Sx) (cal/mol/K?) 
T T 
8 
Cy = A+ 2x (: + ёх w) (cal/mol/K°) 
T T 
Substance A B с Amex A B C Amax 
H: 8.487 —5.962 | —0.4582 0.01 7.638 —7.429 | —0.8281 0.02 
N: 7.478 —2.060 | —0.3408 0.01 7.193 —3.634 | —0.5823 0.01 
CO: 14.616 —5.692 | —0.5344 0.02 13.851 —8.569 | —0.6243 0.02 
CO 7.478 —1.994 | —0.4157 0.01 7.204 —3.379 | —0.5623 0.01 
H:0 12.221 —2.758 | +1.225 0.02 11.887 —10.751 | —0.6200 0.01 
МН, 18.113 —2.341 | +2.793 0.02 17.854 —15.564 —0.5278 0.01 
CH, 24.089 —2.434 | +3.782 0.02 23.830 —21.671 —0.4431 0.01 
СН.ОН 29.025 —2.212 | +4.892 0.04 28.794 —24.003 | —0.4282 0.01 
СН:О: 24.034 —1.898 | +3.089 0.02 23.829 —14.948 | —0.4356 0.01 
о, 9.235 —5.995 | —0.5193 0.03 8.470 —7.664 | —0.8948 0.02 
ОН 8.642 —7.084 | —0.7045 0.03 7.679 —7.274 | —0.8506 0.02 
NO 7.759 —3.157 | —0.7906 0.02 7.321 —3.437 | —0.6433 0.01 
H 2.981 0.000 0.000 0.00 2.981 0.000 0.0000 0.00 
N 6.476 | —18.840 | —1.288 0.15 3.744 —4.210 | —1.498 0.05 
о 4.029 — 5.326 | —1.256 0.05 3.279 —1.498 | —1.372 0.02 
НСМ 13.002 —0.866 | +3.741 0.01 12.910 —7.465 | —0.4634 0.01 
CH:0 18.005 —1.127 | +4.863 0.01 17.804 —12.209 | —0.3430 0.01 
С.Н. 30.026 —2.287 | +4.480 0.03 29.786 —23.412 | —0.4254 0.01 
Сән, 41.010 —2.817 | +5.432 0.05 40.716 —34.096 | —0.3993 0.01 
C;H,OH 46.101 —3.832 | +3.813 0.02 45.677 —35.188 | —0.4123 0.01 
C(s) 8.494 —9.090 | +0.9468 0.09 7.257 —7.444 | —0.8137 0.04 
TABLE 1.7. F [Equation (4.15)] лв A FUNCTION OF DENSITY FROM a(v) CURVE 
Peele оегы Jo а бап Р Density — айе Jo adon F 
0.5 1.1 .95 2 1.6 0.112 6.05 3.8. 103 
0.6 0.8 .20 4 1.7 0.097 6.80 9.3.10 
0.7 0.63 .50 7 1.8 0.086 7.45 2.0.10 
0.8 0.50 .85 13 1.9 0.077 8.05 4.0.10 
0.9 0.39 .20 23 2.0 0.070 8.60 7.8-10* 
1.0 0.313 .65 46 2.1 0.064 9.15 1.5.108 
1.1 0.268 .15 80 2.2 0.059 9.70 2.7.10 
1.2 0.218 .65 186 2.5 (0.050)? (10.6) (8.0-105)t 
1.3 0.181 .20 370 3.0 (0.043) (11.2) (1.7-10*) 
1.4 0.151 .80 800 4.0 (0.035) (11.3) (2.3-10*) 
1.5 0.131 .40 1,700 5.0 (0.030) (11.3) (2.7-10*) 
1 Unreliable. 
Then 
yn = (C) = R – R', (11.104) 


In the above discussion it has been assumed that уз із not а negative quantity. However, it may 
happen that when yz is calculated, it is found to be negative. This is the case where the ratio z;/z, cal- 
culated on the basis of no free carbon is larger than Ks , indicating that the coke-oven reaction occurs, 
but where the concentrations calculated for the case of free carbon require more carbon than is avail- 
able, the same approximation used before“: 4. Ret. 10 for this case is used here. The amounts of the con- 
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centrations yis to узо are uniformly reduced to give an atom balance for carbon, with no solid carbon 
occurring. 


— (—ya) 
yi ys Ri Д 





($ = 16 to 20) (11.105) 


These reduced у; are then used instead of the y; . This leads to a value of уз, equal to zero. This proce- 
dure may not be rigorously correct, but it does allow a smooth transition from the case of no free carbon 
to the case where solid carbon is present. In any case the thermodynamic quantities calculated from the 
concentrations are fairly insensitive to small errors in concentrations, as long as the atom-balance 
equations are all satisfied. Therefore, the use of Equation (ii.105) should not lead to any appreciable 
error in those cases where no free carbon is present, but the free carbon reactions must nevertheless be 
included. 


VI. Thermochemical Tables 


Most of these tables have been discussed in the previous sections. The remarks made at the end of 
Section IV about internal rotations apply to the calculated heat capacities as well as to the calculated 
equilibrium constants. Besides C4H4 and C;H,OH, there is a high-temperature internal rotation in 
CHOH. The low-temperature vibrational nature of this mode has also been neglected. 

In all the statistical mechanical calculations, rigid-rotor and harmonic-oscillator approximations 
have been used.* These introduce greater error into the heat capacities than into the equilibrium-con- 
stant calculations. It would веет to be impossible to estimate the errors in the high-temperature values 
of the heat capacities; in the absence of complete spectroscopic data, however, there does not seem to 
be any alternative procedure to use. One other approximation has been made in the heat-capacity cal- 
culations. The doubling of the levels of NH; , due to the inversion of the molecule, has been neglected. 

In the table of heats of formation, the signs given are opposite to those given in "National Bureau 
of Standards Circular 500.’’ As listed here, the heats of formation are the heats given off when the mole- 
cules are formed. 
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APPENDIX Ili 


BANDS IN SOLIDS AND THEIR INFLUENCE ON THERMAL 
EXPANSION AND COMPRESSIBILITY 


Kinetic-Energy Band Impressed by Bond Vibrations 


It will be shown! that the normal modes of vibrations of molecules cause a pulsing or fluctuating 
kinetic energy and that the maximum fluctuation in kinetic energy due to nuclear vibrations in solids 
is the same as the band width. The first of the two complementary Schródinger equations 


3" № ду Ў, 
-2 =. — 2d + Vy = Ey (їп 1а) 
за Ат ауе ay 
— aw + Vy’ = Еу (iii.1b) 
is differentiated with respect to z; and multiplied Бу z#*, giving 
ч, 


д 
-х А = aM 2. эт! + ays — T = 21° (Е — »* = 


zi 
By use of Equation (iii.1b) to eliminate (E — V)y*, one obtains 


әу _ Op oyt 


M . 99 Әу, - 
-7 2m; "uw er _ Oz; ox? м M w una 


д2; 
Substituting from the identity (following Slater’) 
oy д oyt 9 :9 Е ey oy A 
*————.— в * ES „© 
aw ózióz; Әх; az} )- дт; AGE 2 (ves РР a] > * (131.3) 


and summing over all j’s, 


355 дз a "X 9 2 ( „Ш м.) зп фз К ay " » 
TŽ, 2m. 2m; әла [и d 2 ч га e т y дт} :3 -2 T Oz; т ан.) 


Incidentally, as shown in the classical treatment given later, one may identify the first term їп Equa- 
tion (iii.4) directly with theclassical term 27; т; d(z;z;)/dt, since the second term is —2Т, and the term 
on the right, — Ў, (where Z4 is an abbreviation for Dim х;дУ /дт;) is a classical term. Multiplying 
Equation (iii.4) by dr(= dz, --- dz.) and integrating over all space gives Т = 45, . The same result ів, 
incidentally, obtained classically by averaging over a long time interval. This is an interesting, generally 
accepted time-space comparison of classical versus quantum laws which, however, deserves more care- 
ful consideration. Equation (iii.4) is here applied somewhat differently to obtain an explanation of bands 
in solids. 

Instead of multiplying Equation (111.4) by dr and integrating over all space, let us multiply instead 
by dr’ = дли атам зз +++ ата, and integrate only over all electronic coordinate space. Here the 3N 
nuclear coordinates are numbered 1, 2, 3 --- , 3N and the Зп — 3N electronic coordinates by 3N + 1, 
3N + 2, --- ‚Зп. Integrating over all electronic space then gives 


* 9. ot „ 9% , e. 
fz. (= [2 |^; з 2 (+ > 21 > м | -%4 әт? | dr’ — 27 vas 


ү — (111.5) 
д У 
-Ў =. (z )- ' s 9 | ywi 
-|-z Ole Ф -2 Ti дт; M ў 
where 7, , апа Z/' apply only to electronic states, у, is defined by 

у = Yun, T3 -+> Лам) (Ту c Zan) (iii.0) 
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and (97 /dz.), is an average nuclear force corresponding to the ath nuclear coordinate at the phase angle 
e of the nuclear vibrator in question at а particular nuclear configuration over which the average elec- 
tronic state described by Equation (iii.5) is taken. Now let us sum Equation (iii.2), not over all 7's but 
only over the nuclear states, multiply by dr’, and integrate over all electronic space. The result is 


an з 
ГЕСЕ 9а эв 


Subtracting сет (11.7) from Equation (111.5) gives 
2 eee 
e aml z (= 2 [2 vo 2 2; ay м] ат — 21, aya = -2 РЯ RS vt Gii.8) 


where d again extends over only electronic states. The first term in Equation (iii.8) is negligible. To 
show this, write the first term in Equation (Ш.8) in equivalent forms as follows: 


ит.) 


-№\ o, „_д% ду әү" 
Y ]: 2(=*)z r ( ддт, дл; dz’, 














Nya И T 
Я 2 a (5z FAS ðr? ðZ; дд; A dr (111.9) 
LI A) >, — ay way wan), 
= 2 — 2 (5: Z Tj (v әх? 92; +y дт! дт az; àz, àz; az, A) dr 
a 1 — = * , 
- C26)3 У’ =; [^2 yt = + — д2; AC 1 at ]« 


These equivalent forms are made possible by virtue of the equivalent forms of the complex conjugate 
wave equations, i.e., owing to the commutative properties of y* (Ў; z;0V /9=;)у. Now by using the 
Born-Oppenheimer approximation ó*y/óz,! = у.9%„/дх.* (see, however, below), one obtains [by also 
using Equation (111.6) and realising that ¥.*d°¥,/dz_? = Yn Yn? /дх 1] 


M 2 , * KA Ф 9 -l;e = see 
z (- 2m. эе)» ox? С Ti |^ az; (y? чу.) ++ az; (у: e dr 0 (iii.10 


Hence 





Д , oV ... 
21, = р zi Эт; (iii.11) 


The proof that the integral of the sum of cross terms ($ + j) is zero is simply that, if one separates the 
diagonal terms ($ = j) from the cross terms (i » j) in Equation (iii.4), the integral of diagonal terms 
turns out to be —2T. Since the whole integral on the left-hand side of Equation (iii.4) is also —27, 
obviously the integral of all cross terms over all space is zero. The more important result, which also 
includes this result, is, however, that the integral of each cross term (over all space) is zero term-by- 
term. This important result may be shown as follows: 

Separating the diagonal terms ($ = 7) from the cross terms ($ = j) in Equation (iii.4), one obtains 
for the diagonal terms 


Cale) 
ðzi дт oz} 


= м ay | way ду ду* 
> -E ) a [^2 tI 6 


i ( àzi Әт; ózi = z: dT; 
P м ә (p ww 
E 2 ( z) * [= (, 9 ax; әд xi 
À 
Tm. 


Mu әу [5 (ну (me av) - 
C2) -03-EZ)L- Lea dic: 


хі T ды д2; 


(111.128) 
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Hence, since the integral of the left-hand side of Equation (iii.4) over all space is —27, for the cross 


terms 
1 әр ay А, 
[. $ 2 (-> 2.) 2 «(v ддт; = Oz; w) dr = 0 (iii.12b) 


Now let us consider Equation (iii.12b) term by term. Thus when i = j 


о в Е 
[= ai (ve 9% == |" а 

5 den "ene дл; Oz,ür; Әх; дл; Ox; 

ў к w. 3 M ov A.: е eee 
i 1—0 4 UR Е даг (S) + 2 Әг; д = (= 2)] dzi (iii.13) 


--[z Ws ow dz; = 0 
4 az; dzi) 


Hence the cross terms (i ; j) in Equation (iii.12b) are zero term-by-term. This result shows also that 
the first term in Equation (iii.8) is zero independent of the Born-Oppenheimer approzimation. Now one 
may obtain quantum mechanically the maximum fluctuation in 7, i.e., АТ (maximum), as follows: 
Assuming inverse square forces and making use of Euler’s theorem to replace – Ў; х;дУ /0z; by V, one 
obtains from Equation (iii.4) the relation 


p M „9% - * eee 
-3 = 2m; az; Res (+ 1 р т; =) +2 2m; y агі EW (11.14) 


Conventionally one assumes that, in molecular and atomic problems, Ў: contains only electrostatic 
terms and that therefore, by Euler's theorem, — 25 = V. While the author cannot accept this seemingly 
obvious result, in view of the experimental evidence discussed below, let us here assume it to be true. 
It will be evident that this assumption, if it is not true, will not invalidate the fundamental argumenta 
used here. Making this substitution, multiplication by dr’ and integration over all electronic space then 
gives 


[3C es oen] 


* Г. PE Ld D. эг! а da = (E + Ру 

















(111.15) 


Using Equation (11.7) and the results above, which allow one to set the first term of Equation (11.8) 
equal to zero, one obtains 


-Z Ta (z) Vas = (E + TOUS 


and 
oV , ы 
-Z 2. (=) - Е + Т, (111.16) 


There is по reason to suppose that the term оп the left of Equation (11.16) does not have the same 
meaning in quantum mechanics as in classical mechanics, since it is a purely classical term. Since Equa- 
tion (iii.16) may be applied to each bond or nuclear vibrator separately, as shown by considering the 
method by which one obtains, e.g., Equations (iii.4) and (11.7), one therefore finds that T, in any bond 
fluctuates with the normal modes of vibration in the manner shown by the equation 


AT (maximum) = 2RF, = 255,R (iii.17) 


where F, is the maximum restoring force on the bond which, when the vibrator obeys approximately 
simple harmonic motion, is given approximately by 45, where и is the force constant, 8, the maximum 
amplitude of vibration, and E the bond distance. 

It is instructive to derive AT, (maximum) classically considering again AT', (maximum) to be the 
maximum fluctuation in total kinetic energy associated exclusively with vibrational states. 
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From Newton’s equations m,;#;, = —dV/dz; , etc., multiplying both sides by z;, and using the 
identity 





RE reed d Gii.18) 
one obtains 
8 d, A aV * 
Pr т (т) — 2T = -Z ži Des (111.19) 


For convenience, consider a homonuclear, diatomic molecule, and choose Cartesian coordinates with 
the reference at the mid-point of the line joining the nuclei. We neglect the z and y motions of the nuclei 
(considering the molecule to be irrotational in our frame of reference) and take the line joining the 
nuclei as the z-axis (21 = —2; and 21 — 2: = 221 = —2z;). Subscripts 1-6 in Equation (11.19) pertain 
to nuclear coordinates and (7 — Зп) to electronic coordinates, hence 21 = т; and z: = ze. Then 


mm 2 (RR) + Di — 2T = -У = —2R a - J; (111.20) 


where use ів made of the abbreviations 


$ an d : зп oV ^ зя oV 
Zeng шн =н дд; ' 2: = нь 


where 22, = R = bond distance, and р» (= M,/2 = M;/2) is the reduced mass. In Equation (111.20) the 
nuclear and electronic terms of Equation (11.19) have merely been separated. As is well known, Equa- 
tion (iii.19) leads to the Clausius virial theorem 7 = 42; by virtue of the fact that У". т;1(2;2,)/0 
becomes zero when averaged over a long time. Let us, however, replace 25 in Equation (111.19) by – У, 
retaining our reservation for the validity of this substitution but realizing that the validity of the 
fundamental arguments is nevertheless retained. Then, by use of the relation Т + V = E to eliminate 
V from Equation (111.20), one obtains 


d А ' is 
mm q (RR) + -Т-Е (iii.21) 


Let us now average the terms in Equation (iii.21) not over a long time but only over the definite period 
1/», where и is the frequency of the electronic states of the chemical bond in question defined by that 
frequency at which all correlated electronic motions repeat themselves. Since in the time 1/» the phase 
angle ф of the nuclear vibrator should not change appreciably owing to the fact that » > w, where w 
is the frequency of nuclear vibrations, we obtain 


27. 4 E aub) + + = Е (111.22) 


Here again, the bar indicates average values and the subscript ¢ indicates that the time interval із taken 
when the phase angle of the vibrator is (approximately) ф. The period 1/» is supposedly too small for 
Ф to change appreciably, and the term in {} therefore corresponds to its value at the angle e. Now the 
term [u4d/dt (ЁЁ) | , is composed, first, of a usually quite negligible kinetic energy 2[4и„ E?) , and, second, 
of the much more important term {umRR}, , which may be written RF. Also Die = 0, because this term 
contains only components which fluctuate with the period 1/» and must average to zero over this period. 
That is, a long time average could be zero only if the average value over the period 1/» were zero, since 
these terms simply repeat themselves in the period 1/». Hence, exactly as in general quantum mechani- 
cal case above, 


Т, — ВЕ, = -E (iii.16a) 


Т therefore fluctuates in unison with RF, and with the same fluctuation magnitude. In the harmonic 
oscillator approximation RF = „ôR and RF, thus fluctuates between | us. | and —| ud. |. This is 
the condition described by Equation (iii.17). 
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Band-Energy Relations 


We are now in a position to consider the band-energy relations in solids within the validity of the 
only assumption, aside from the Schrédinger equation, used in the above quantum mechanical and 
equivalent classical proofs of Equations (iii.16) and (iii.17), namely the assumption that the real sys- 
tems are strictly under coulombic forces only, i.e., that 2; = —V. Figure iii.1 shows the Т and Ӯ rela- 
tions in any band required by the above general considerations and the assumption >» = —V. Since 
the total energy E is a constant, V must fluctuate in exact opposition to T, as indicated in Figure iii.1 
and, moreover, according to assumption Т = —}V. 

А very interesting approximate correlation is seen between ДТ, (maximum) and the measured (soft 
X-ray emission) band width e in the results in Table 111.1, taking и = 4x:(M/2)v» and ym = k6p/h 
where again y is the force constant, бр is the Debye characteristic temperature, M is the nuclear mass 
(the reduced mass is M/2), and one computes the amplitude of vibration in three dimensions by 5, = 
(Mos + Boy + ды)! = (ЗҺ»„/2и)\®. 

The results in Table iii.1 show that the band width e , computed from Equation (9.7) and shown in 
Chapter 9 to be in approximate agreement with observed widths found in measurements of soft X-ray 
emission spectra, agrees substantially with 2ué.R. In this respect, at least, the interpretation that 
bands in solids measure the negative of the kinetic energy seems adequately fulfilled. In this regard one 
should realize that anharmonic components, which all vibrational states seem to possess to some ex- 


—— —» Phase Angle Q 
О 2T бт lOr 


T = = Ezdu BR| 
$ (Theoretical) —_ 


A 
| $ (Experimental) 
— — 


Positive 


t 











о 


Energy 
Negative 4—————| 


-E= T 
-v:2T 
g= — 
о а! 5v" 
— — Time 


Figure iii.1. Electronic kinetic-energy and potential-energy fluctuations promoted by nuclear vi- 
brations assuming Хз = —V. 
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m , 
TABLE iii.1. COMPARISON OF BAND WIDTH e, WITH THEORETICAL KiNETIC-ENERGY AND 
PoTENTIAL-ENERGY Влмрв IN Some METALS 


Metal РИ 2yboR(e.v.) 2uBoR/e, 
[from Eq. (9.1)] 

Copper 7.04 6.04 0.86 
Silver 5.51 4.52 0.82 
Gold 5.54 4.32 0.78 
Lithium 4.6 2.68 0.58 
Sodium 3.2 1.66 0.52 
Potassium 2.14 1.46 0.68 
Beryllium 8.87t 10.2 1.17 
Magnesium 4.6} 1.89 0.95 
Calcium 4.26} 4.16 0.98 
Aluminum 5.631 5.54 0.98 


t For a one-electron band, i.e., the upper band. 


tent, would be expected to give low values of ид, , which is probably the reason that u5,R/e, is nearly 
always less than unity and is a minimum in bands in which R and 8, are relatively large, e.g., lithium, 
sodium, and potassium. 

In the second requirement of the model in which the band in solids is assumed to measure — T Fig- 
ure iii.1 shows clearly the inadequacy of either this interpretation of bands or the condition T = —E. 
For example, as mentioned in Chapter 9, one measures the position of the band below the zero-energy 
or free-electron level by the work potential $. According to results depicted in Figure ііі.1, the work 
potential ф should be — E — | 44,R |. This expression, however, leads to values of ф too great by a 
factor of two in the most favorable case, and in some cases by a factor as high as five. 


Non-Coulombic Constraint 


Let us now proceed by means of the above fundamental methods to evaluate the assumption V = —25 
or the equivalent assumption T = — E. Since the argument involves the term J: which is a classical 
term, one may proceed by purely classical methods which however, can be repeated, if desired, by 
general quantum mechanical considerations. For the purpose of simulating а real diatomic molecule, 
let us consider three independent, hypothetical, vibrationless, diatomic molecules differing only in 
their nuclear configurations. Let them have bond distances as follows: for molecule a let В = R, , for 
molecule b let R = К, + 8 , and for molecule c let R = R, — 5, where К. is the average, or equilibrium 
bond length of the real molecule being simulated, and 8, is given by the equation of a harmonic oscilla- 
tor 


à, = (28,/u)! (111.23) 


Here à, is the wave number of the vibrational state оѓ the molecule one wishes to simulate expressed 
in appropriate energy units (à = jh»). Thus the bond lengths in these three vibrationless molecules 
differ the same amount as in the corresponding real molecule at the three phases of vibration corre- 
sponding (a) to the equilibrium distance, (b) to the bond at its maximum extension and (c) to the bond 
at its minimum extension when vibrating in the ground state. The hypothetical molecules will not all 
be in nuclear equilibrium, and one must therefore provide hypothetical external constraints F(3) to 
equilibrate them. Indeed, it will become evident that even molecule a will require a constraining force, 
because a static model differs from a dynamic one in regard to the influence of the nuclear momentum 
umd which is a maximum at the average bond length R, . One might expect, therefore, that the true- 
equilibrium bond length К. for the real molecule will be different from the bond length R, of the static 
molecule requiring no external constraint for equilibration. Now the force required to change R by an 
amount 5 from the equilibrium value is дё in a molecule the vibrational state of which obeys simple 
harmonic motion. While the restraining forces in a, b, and c will not, therefore, necessarily be zero, 
ид. and —yà, , respectively, presumably the same differences will maintain, i.e., the force F(8) for mole- 
cule a will be F’, for bit will be F’ + 45, , and for c it will be F’ — yd, . 

Now in the real molecule the total energy E is a constant of motion, and E will therefore be the same 
throughout a period of vibration. Since the vibrationless molecules should differ in total energy at a 
given bond length only by the vibrational energy & which for present purposes may be neglected or is 
small relative to the total energy E, one should therefore obtain, using the methods of Slater,? the 
following results: 
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For hypothetical molecule a 
T. = —E, — R,F' 


(111.24а) 
7. = 2Е, + В.Е’ 
for b (neglecting 8, in terms involving R, i.e., В + à, = В.) 
T, = Е, — ВАР’ + nb.) У 
к (11.246) 
V, = 2E, + Е. (Е’ + иде) 
and for c, again neglecting 6, in terms involving R, 
T. - —E. — R.(F’ = иде) 
(iii.24c) 


Ӯ. = 2E, + R.(F’ я иё.) 


The difference T. — T, which is approximately 2u3.R thus agrees with Equation (11.17). But by these 
relations it is easy to see that F' itself should be about uô» and that there exists in effect a non-coulombic 
energy in the real system of about oR which one associates with the nuclear momentum term m 
that is a maximum at В. . First let us consider this situation in perhaps its most elementary form. 

The vibrational energy à is, to be sure, small compared with the total energy of the valence electron 
system of molecules. For instance, &/| E | ranges from about 0.001 to 0.05. However, it is not &/| E | 
that is here important in determining F’, but rather the relative momenta of the nuclear and electronic 
states. As mentioned above, the total nuclear momentum р» $ has its maximum value at R = R. , but 
а static nuclear model of the molecule at its equilibrium distance E, differs from the real system at 
R = В. by the influence of this term. Presumably, at the same bond distance, the external constraint 
virial ЕР’ is all that is required to make the real molecules and the hypothetical static model of it iden- 
tical in energy except for à. On the other hand, to get the nuclei moving with a kinetic energy Jus ô 
equal to the total vibrational energy ©, which will be the case at R = №, , the electronic kinetic energy 
must have been reduced by an amount (В /ё.) 52 , or an amount 2R/5, greater than the kinetic energy 
acquired by the nuclei at Е = R,. This is a requirement of the nuclear-electronic reasonance or the 
conservation of momenta between the electron orbitals and the nuclei. While &/| E | is small, (2R/8.)- 
(@/| E |) is a quantity of appreciable magnitude. But the energy 25R/5,, which is thrown into the 
electron orbitals at the same time and in the same process that the energy © is gained by the nuclei, 
represents the deviation from the condition T = —E. 

One finds, therefore, that а real molecule at its average bond length has a total non-coulombic energy, 
corresponding to its nuclear kinetic energy о, of approximately u5,E and the real energy relations, 
instead of being Т = —E, are rather 


T = —E — R,F' = —E — p8.R 


(111.24) 
V = 2E + RF’ = 2E + pôR 
the error in the approximation used to obtain the extreme right hand side of Equations (11.24) being 
determined simply by how nearly the harmonic oscillator model applies to the vibrational state; while 
the molecule a actually represents the true system quite well, it must be borne in mind that molecule 
а requires the constraint F’ equal approximately to дф. 

These considerations suggest that R, = R. — 8, ; the hypothetical vibrationless molecule should 
apparently have an equilibrium bond length approximately 6, less than the corresponding real vibrat- 
ing molecule with zero-point vibrational energy. It is of considerable interest in this connection that 
the old classical; circular-orbit models of Bohr for Н, and Hj had distances approximately 6, less than 
the observed values of R, for these molecules. 

From the classical equations above one finds, upon canceling ud/dt(RR) with —У. х.дУ /дха in 
Equation (iii.20) and averaging (either over the period 1/» in the classical case or over all electron coordi- 
natesin the quantum case), that 27, = Ўз, where Y expresses the right-hand side of Equation (iii.11). 
Therefore Ўз, fluctuates (as the phase angle e varies) in unison with and with the same fluctuation 
magnitude as 27, . In the harmonic case D2, (= —V’ by Euler's theorem, and the evidence that these 
terms only are inverse square) has a harmonic component in changing e that varies as 2uôR. On the 
other hand S must fluctuate as 27, + RF, , or (since RF, fluctuates in opposition to T, , i.e., since 
T. + V, = constante E) Уз, fluctuates as Т, . The fluctuation with phase angle ¢ in this term is 
therefore associated with a linear (simple harmonic) not an inverse-square force. Hence the validity 
of the conventional assumption Ўз = —V is suspect. The system rather apparently has, as а result of 
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Figure iii.2. T and V energy relations under non-coulombic constraint. 


the observed (approximately) simple harmonicity of the nuclei, a harmonic component of period 207! 
and total energy 2 RP» = 2yu5,R. 

The harmonic component in question has a total energy of magnitude approximately Ф, as shown 
by Equation (9.7) which is approximately twice the bond energy e. or D, .2-* Furthermore, the (approxi- 
mate) simple harmonicity of nuclear modes of vibration, and therefore the corresponding (approximate) 
simple harmonicity in the electronic states of the valence electrons impressed by the term RF, , are in a 
sense observational through the rotational spectra, i.e., the vibrational state to which the electronic 
harmonic is due is observed to be approximately simple harmonic. Since the average kinetic energy and 
average potential energy in a Hookean system are equal, it is concluded, on the basis of the above argu- 
ments, that 


T = f+ T, + RF = —AV, + Я, = Т, (111.25) 


аз depicted in Figure 11.2. Here the subscript e refers to the (fixed nuclear) electronic kinetic-energy 
component and subscript h to the harmonic component of the nuclear motion giving rise to the RF, 
term. 

To find T, and V, from which one may construct the correct T', V, and E relations, let us define an 
effective harmonic amplitude x by the equation с 

— (dR. + В.Р") = p'x? = u'xs cost 2p = T, (141.26) 

This takes into account the correction RF’ for the momentum conditions impressed оп the electron 
orbitals at В = К. . Here p’ is an effective force constant, T, being measured not from the center but 
from the base of kinetic-energy band. The reason for this reference point is that the simple harmonic 
component of electronic energy is added to an inverse square component (see Figure iii.2). Since the 
frequency of this electronic harmonic component is ёо, i.e., just half of the frequency w of the nuclear 
vibrator, the phase angle is 2p instead of e. Then V, = y’x? sin? 2p and E, = nx. But since x is а 
pure imaginary E, , 7, and V, are each negative terms. 
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In all of the above considerations it has tacitly been assumed that in a free atom T, = —4T. . (Sub- 
script a here designates the free-atom state.) However, this condition is not necessarily the case even 
in free atoms. In fact, it was shown by the author* that resonance in electronic interactions in free 
atoms themselves may also cause T, * —4V. . It was found that in heliumlike atoms T, was apparently 
slightly greater than —37. , i.e., T’, the excess over —$7. being given by Equation (2), Reference 4. 
But in hydrogenlike atoms such as lithium, sodium, and potassium, in fact, in most many-electron 
atoms where the outer electron shell is incomplete, apparently T, < —iV. . In a few cases including 
copper, however, apparently T, = —4}V. in the free atom, as indicated from the theory and observed 
work potentials, and in the transition metals, iron, cobalt, and nickel, it turns out that T, is apparently 
slightly greater than — E, or —}V, as in heliumlike atoms. 

Finally mention is made of the fact that the analyses of Н, and Hj which led initially to the con- 
cept of the non-coulombic constraint virial? indicated that the bond energy D, in these molecules is 
approximately the non-coulombic constraint virial RF’ or u3,R. Moreover it was later shown* that for 


TABLZ 11.2. Сонкыук Емкват ов Bonp ENERGY vERSUS CONSTRAINT VIRIAL RF, 
А. Diatomic Molecules 


до Ко D, (observed) Molecule pleRe D, (observed) 
Molecule (e.v.) (e.v.) (e.v.) (e.v.) 
Bn 1.80 1.97 N: 7.15 7.38 
Ch 2.38 2.50 Ns 6.50 6.35 
I 1.43 1.54 O: 4.62 5.09 
Lis 0.67 1.14 P: 3.50 1.84-5.03 
Na: 0.45 0.76 8, 3.10 3.6 
K: 0.33 0.51 Без 2.3 2.7 
Сз 4.52 3.6-5.5 Tes 2.1 2.0-2.3 

B. Metals 

Lj a 4 Ко wR = RF, вс RPo/ec 
Metal (вес-1.10-12)  (dynes/cm-107*) (angstroms) (angstroms) (e.v.) (e.v.) 
Cu 7.00 2.05 0.082 2.82 3.02 3.52 0.86 
Ag 4.52 1.45 0.078 3.18 2.26 2.95 0.77 
Au 3.57 1.66 0.065 3.18 2.16 4.00 0.54 
Li 7.62 0.26 0.234 3.44 1.34 1.70 0.79 
Na 3.15 0.15 0.208 4.20 0.83 1.13 0.74 
K 2.10 0.11 0.191 5.22 0.73 0.87 0.85 
Ве 21.0 2.62 0.125 2.48 5.10 3.26 1.56 
Mg 6.09 0.59 0.143 3.54 1.89 1.58 1.18 
Ca 4.83 0.62 0.124 4.32 2.08 2.08 1.00 
Zn 4.47 0.86 0.101 3.06 1.67 1.19 1.40 
Cd 3.61 0.96 0.086 3.46 1.75 1.17 1.50 
Hg 2.01 0.53 0.086 3.52 1.01 0.05 1.56 
Al 8.19 1.19 0.117 3.16 2.77 2.39 1.15 
La 3.15 0.91 0.083 4.14 1.95 3.91 0.50 
Ge 6.09 1.77 0.082 3.48 3.20 3.70 0.87 
Pb 1.85 0.47 0.089 4.00 1.05 2.06 0.51 
Sn 5.46 2.32 0.068 3.72 3.69 3.39 1.09 
Bi 2.10 0.61 0.083 4.06 1.30 2.08 0.63 
Fe 10.05 3.71 0.074 2.80 4.80 4.09 1.17 
Ni 8.08 2.62 0.079 2.76 3.46 3.70 0.94 
8b 2.94 0.69 0.092 3.86 1.54 1.74 0.89 
Ti 7.35 1.71 0.092 3.24 3.21 4.35 0.74 
Zr 5.88 2.07 0.075 3.42 3.33 4.79 0.70 
w 6.51 5.13 0.050 3.12 5.02 9.13 0.55 
Cr 10.20 3.57 0.075 2.84 4.78 3.78 1.20 
Pt 5.04 3.26 0.055 3.06 3.45 5.52 0.63 


t »» was computed from k6p/h where бр is the Debye characteristic temperature. 
tu = 2x1M»? where M is the mass of the atom in а homonuclear solid. 

$ Computed from 8, = (1h»./1)*5. 

мотв: Empirical data taken from sources given in Reference 2. 
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systems closely obeying simple harmonic motion 
D. = po, В (Е + 8.)/(Е os ё.) = uR (111.27) 


The theory also provided a criterion for deciding how accurately the harmonic approximation applies 
and a means for correcting for anharmonicity. This criterion was expressed by the equation 


В, + Мч, =) 


Е, — MUS, = D. (111.28) 





where M ів the ratio of reduced mass to that of the Н, molecule, D, = D, — à; М8. = 8.16-10-*/a'!*; 
@/2 = G,(u/ngM)!*, & is the observed wave number of the bond being considered.’ The apparently 
general validity of Equations (iii.27) and (iii.28) was indicated by results for diatomic molecules. Table 
iii.2, moreover, seems to show that it applies, within the error of determining R and $, from density, 
structure, and 0p (Debye characteristic temperature), in metals in general. This is further indicated 
by the fact that the band width in solids is approximately twice the cohesive energy е, . Studies* also 
"ndicated that Equations (iii.27) and (iii.28) apply in the excited states of molecules. 


Chemical Bonds 


We now recapitulate the above discussion by a brief description of the chemical bond in terms of 
the postulated non-coulombic constraint. 

(1) The sero-point vibrator, assuming it to be simple harmonic, imposes a kinetic-energy band on 
the electron orbitals expressed approximately by the equation 


А? шах) эз 2u5,R, 


This fact is independent of the postulated non-coulombic constraint but follows directly from the 
equations of motion whether one treats them classically or by quantum mechanics. 

(2) The fact that a displacement of the nuclei in the fixed nuclear model causes 7 to change by an 
amount u4,R, (which is approximately D, , the total bond energy ог e. , the cohesive energy) suggests 
that an effective constraint virial applying on electron orbital states of approximate magnitude 48,R, 
should also be necessary to account for the average electronic kinetic energy Ў, at R. . It is this con- 
sideration which suggests the non-coulombic constraint. In other words, the difference between a vibrat- 
ing molecule and the corresponding fixed nuclear molecule both at R, is that their average electronic 
kinetic energies should differ by the amount lost as heat in bond formation or in accelerating the nuclei 
from rest to their maximum momentum at R, . This should amount to ôR» , and the energy relations 
at R. are thus expected not to be 7 = —4V but, instead, 


Т = 1. 
V = ў, — RF’ (111.29) 
Е = E, — RF’ 


(3) The nuclei should not be in the same equilibrium position in the fixed nuclear model as in the 
corresponding vibrating molecule. Instead, the true dynamic equilibrium distance Re of the real mole- 
cule should be approximately 8, greater than the bond distance of the hypothetical, nonvibrating mole- 
cule. 

(4) The above conclusions reveal an apparent weakness of the theory, namely that a molecule with 
a vibration quantum number n greater than zero should have a greater bond energy than D, because 
the maximum amplitude of vibration would then be increased. However, this is not actually a funda- 
mental weakness of the model, but only an anomaly incurred by the application of the harmonic oscillator 
approximation. This may be readily shown by studying the 7 and Ӯ relations in the author's treat- 
ment of hydrogen and the hydrogen molecule ion? as one increases E above the static-model equilib- 
rium value R, . In any real system, RF will be a maximum for some particular displacement 8’ above 
В, and will be less for either greater or smaller values of 8. The value of R at which E is a minimum 
is apparently nearly the value 8. above R, for the ground level (n = 0). RF is less for n > 0, than for 
п = 0 at the theoretical end point of the vibrational system, even though до» is then greater than 38, . 
Thus in the static-model case with externally applied constraints T = —}V at R, , but, as R is increased, 
T (including the constraint virial) at first decreases more rapidly than V increases, and the total energy 
E thus decreases. А position is reached (at В, = В, + 8’) where the decrease in 7 and the increase in 
V become equal. Аз R is further increased, 7 decreases at a lower rate than V increases, and E there- 
fore increases. Hence E passes through a minimum at Е. (cf. Tables I and II, Reference 3, noting, how- 
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Figure iii.3. E versus Е curves for hypothetical vibrationless (o-b-a-c) and real vibrating (c-a-a-c 
molecules. 


ever, that the column headed g in Table I should be headed f + g). But R. corresponds approximately 
to В. + 8 ; at В, + 8'(8’ ~ 8,) the total energy Е of the static nuclear model with hypothetical con- 
straint RF is always greater than at R, + 8’, and the bond energy is therefore less. 

Suppose one starts with a fixed nuclear molecule at R, (Figure iii.3) and stretches the bond isother- 
mally; upon reaching R the energy in the system including the constraint virial would be a minimum. 
(Nature carries out the isothermal stage via a third body or heat sink, and it must be realized that 
ground states of molecules are reached in no other way.) Now at this point let us release the system 
adiabatically and allow it to oscillate. Since the nuclei are then under a net force tending to pull them 
together, they will at first be accelerated inward, during which momentum will be transferred from the 
electron orbitals to the nuclei. The latter, however, will have acquired a kinetic energy К? at №, + 8’. 
Since the system (electronic plus vibrational) is now adiabatic, 7 must increase as Е decreases below 
R, at the same rate that V decreases. This would be impossible except for transfer of momentum from 
the orbitals to the nuclei in such a manner as to compensate precisely for the tendency for T to increase 
more rapidly than V decreases. (Since kinetic energies of vibrational states are low but the T and V 
fluctuations in the whole system imposed by vibrational motion are necessarily large, this fluctuation 
indeed should, it would seem, remain approximately simple harmonics in order to conserve energy.) 
But because of the impulse of the moving nuclei on the electron orbital and the fact that E is a constant 
of motion, the force tending to pull the nuclei together will now become zero at В, + 8 instead of at 
R, because as the nuclei gain the momentum pô the electron orbitals will have decreased in kinetic 
energy Бу an amount ub, R, causing the orbitals to expand sufficiently to remove the restoring force 
at №, + 5, instead of at R, . The impulse action of the nuclei on the electrons will then be overcome 
at В’ (near R+), and the system will thus be left to vibrate symmetrically about R, (not R;) with extrem- 
ities of oscillation at R' and R". If, on the other hand, one were to stretch the bond isothermally and 
release it adiabatically at R”, while the amplitude of vibration would be greater, E would also be greater 
(less negative). 
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One obtains for the fixed nuclear model the solid E-E curve A shown in Figure 11.3. The point 0 
is the point of curve a for which Р = 0. It is conventional to assume that the system would oscillate 
about the point 0 with constant energy being then confined to the line а — a’ the length of which is 
25, , and also that curve B represents the true E-R curve for the system. However, this ignores the 
influence of momentum exchange between the electronic and vibrational states described in the fore- 
going classical and quantum treatments. The E-E curve has much lower energy at R, + à' than the 
curve В at №, . This curve represents the energy of the system for isothermal variations of R. A static 
nuclear model released adiabatically at point a and allowed to vibrate freely would vibrate periodically 
along a — a’ symmetrically about Е, = R, + 8’. This corresponds to the zero-point vibrator. If released 
at b the system might vibrate periodically along b — b', except that this state is disallowed quantum 
mechanically. The next higher allowed state above a — а’ would be where the system is released at, 
вау, c where the quantum number n of the vibrator is unity. In that state it would vibrate along c' — c 
with В slightly greater than R, . The true E-R curve of the molecule is therefore the curve which in- 
cludes the points c, a, a', and c' which is shown solid to the right of the point a and dashed to the left 
of this point. 


Bands in Solids 


The relations of Equation (111.29) provide a quantitative explanation of the bands in solids if one 
assumes that methods of measuring bands in solids measure the electronic kinetic energy T', only. The 
band width is simply АТ, (maximum), and the absolute kinetic energy apparently varies from approxi- 
mately T, — u5,R, to T, + u5,R, , or from T, — в to T, + e . The work potential is then given 


Фф = Т. — wR. = To — е (111.30) 


Т. may be found, if one can interpret properly the appropriate non-coulombic terms, by the methods 
of Reference 4. It remains, therefore, merely to justify the assumption that work potential together 
with the soft X-ray emission spectrum measure together the electronic kinetic energy T, , i.e., ф + 
h(vmax — ») = T, , where ymax is the maximum frequency observed in the soft X-ray emission spec- 
trum and » is the measured frequency in the emission spectrum. One would ordinarily expect any meas- 
ure of electronic energy to measure — E, as, for example, the determination of ionization potential in 
hydrogenlike atoms. (There would, incidentally, be no discrepancy in what is actually measured if 
T = —E.) In order to understand why bands in solids measure only Т.(= 7T — T, — RF’), it is neces- 
sary to realize the nature of the non-coulombic energy R(F’ + u8). This energy term is intimately asso- 
ciated with the nuclear state, as made clear in the foregoing considerations. Any process that removes 
an electron over a period small compared with «^! cannot involve any appreciabile amount of the energy 
R(F' + pd). This is easily visualized in the case of perfectly free electrons, but is no doubt true also in 
the case of tightly bound electrons. In the former it is realized that the N electrons of the solid will 
redistribute themselves so rapidly in mending the hole left by an electron removed from the band in & 
Franck-Condon-type transition that the vibrational state will be virtually unaffected. One then observes 
only the purely coulombic energy Е’ = — T, at the instant of removal. 

If only nuclear-electron resonance terms R(F’ + ys) were involved in the energy terms not measured 
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Figure iii.4. The E(R) versus Morse curve. 


Google 


420 THE SCIENCE OF HIGH EXPLOSIVES 


in the observed bands, one would always find the bands centered around the energy level E, of the free 
atom. Instead, they are centered around the level — T, which in the most general case is even greater 
than E, . The sum E, + T, measures the average non-coulombic energy in free atoms, and this non- 
coulombic energy in free atoms is likewise apparently not measurable in the observed bands. That this 
is true may be seen by consideration of the results shown in Reference 4. Consider, for example, lithium 
where calculations (while uncertain as to the real meaning of the non-coulombic terms) seem to show 
that 


Rhe 


n 2’ 
Т. = Н, = E, — ki-(Z — k) — ст“ = 3.38 


001 
PIT 


That is 7", as defined by an equation similar to Equation (2), Reference 4, is about half the correction 
term E, — H, in Equation (6), Reference 4, all quantities here given being defined there. (The basis 
for taking T, — H, in this consideration is that the situation is just opposite that in the helium-iso- 
electronic sequence where Т” is more definitely described. This means that T, should apparently be 
— E, — T".) If, therefore, the band in metallic lithium were centered around the band E, , i.e., with 
the middle of the band at —5.36 e.v., the work potential would be — (E, + e) = 3.66 e.v. But for T, — 
е. = ф, one obtains ф = 1.58 e.v. The observed value is 2.39 e.v., in much better agreement with the 
relation T, — e than — (E, + «). Apparently the real kinetic energy of the valence electron Ў, of lith- 
ium is therefore 4.02 e.v. instead of 3.38; the potential energy Ӯ. is then apparently 9.38 e.v., and the 
non-coulombic energy associated with the valence electron in the free atom is 1.34 e.v. 

The above considerations, while nonconventional, seem to the author to be well justified by the 
theoretical and experimental evidence for the non-coulombic constraint virial. At least they provide a 
completely consistent mechanism for interpreting the observed positions of the bands, as well as corre- 
lations with cohesive energy, band width, and other features. Moreover, the experimentally justifiable 
use of the theoretical kinetic-energy relations of this theory in the treatments in Chapter 9 of thermal 
expansion and compressibility illustrates the far-reaching nature of this theory. It is also worthy of 
mention that further applications of these concepts in describing the influence of temperature, pressure, 
melting, and magnetic fields on electronic conductivity, and the superconducting state of metals are 
presented in Reference 2 where the theory was shown to be in excellent agreement with observations. 

Finally a consideration of the use of Equation (9.3) is desirable in order to clarify the fundamental 
significance of it. In general, the Clausius virial theorem may be written 








Now in general 


R 
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is then the value of R,(GE/dR) at the point R = R, . Here R is the average bond distance. Figure iii.4 
shows the relationship of R to the curve representing the end points of the oscillator system in the 
chemical bond. The latter is generally taken to be the familiar Morse curve. Linear expansion how- 
ever, is concerned only with the variation of the energy with average bond length. But this E(R) curve. 
shown by the solid line in Figure iii.4, is probably approximately a straight line in the region of inter- 
est. Hence one may identify R(dE/dR) approximately with Z; z;(0V /óz;) which, in general, is 27. 


Plasma Stability 


Recently a discussion with Dr. W. S. McEwan, Naval Ordnance Test Station, evolved the concept of 
a quasi-lattice to account for the peculiar stability of plasma as seen in ERG microsecond, framing, color 
photography. The idea suggested was that plasma formation is made possible by virtue of its existence 
in a quasi, metal-like lattice. This concept appears to provide not only a satisfactory model of the plasma 
but may have a considerably more important application in providing an explanation of universal gravi- 
tation. More recently, Dr. 8. J. Jacobs, Naval Ordnance Laboratory, pointed out another important 
feature of the plasma observed in the microsecond, framing, color photography namely, that it does not 
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appear to exhibit the shock-reflection characteristics of ordinary shock waves, when undergoing collision 
with the walls of a tube or other obstructions, and that therefore it probably is not an ordinary shock 
wave at all. Instead, the features of the high speed, color photographs seem to confirm the concept that 
the shock wave follows behind the plasma and at first remains directly in front of, and is therefore 
strongly supported by the expanding products of detonation. That is, the upper curve in Figure 8.16 is 
not really that of the shock wave but instead that of the plasma; the lower curve of Figure 8.16 is the 
characteristic velocity-distance curve for the shock wave which rides along (strongly supported) on 
the front of the expanding hot gas cloud, finally breaking away from its support only after the hot gase- 
ous products of detonation have expanded to their limit. The conventional usage of the term shock wave 
to describe the plasma, e.g., as in Chapter 13, is therefore misleading and somewhat inaccurate. 

The most notable feature of the plasma shown in Figure 7.6 is its remarkable cohesion properties; 
it has been found to hold together without appreciable expansion for more than 100 usec almost until is 
finally disappears by recombination of its last remaining electrons and ions. The plasma in Figure 7.6 
showed an average forward velocity only about three times the theoretical average thermal velocity, 
and if no cohesive forces were to exist in it, one would therefore expect it to grow in lateral diameter 
at almost the same rate that it moves ahead, which is certainly not the case. Since kT is of the order 
of 0.4 e.v. in the plasma the cohesive energy of the plasma must be at least several times larger in order 
for it to have the observed cohesion properties. 

In formulating the lattice energy of a plasma it is here assumed that this lattice is similar to a metal 
lattice where the electrons are considered, through emphasis of the importance of electron correlations 
and the relationship between Brillouin-zone structure and the reciprocal-lattice structure, to form a 
rapidly circulating electron lattice (an electron cryscapade?) in the much more slowly oscillating and 
more familiar positive-ion lattice. This description was presented previously by the author and shown 
to account exceptionally well for the cohesive energies of metals.* Let us first outline briefly the essential 
features of this concept as applied to metals. 

Assuming that a metal comprises (a) the familiar ion lattice that undergoes small, relatively low- 
frequency vibrations, and (b) a rapidly circulating electron lattice or electron cryscapade, one may ex- 
press the total energy E as the sum of the average ionic-crystal type or Madelung energy —NaZe*/d 
and the kinetic energy of the electron circulation ((h?/2m) - (3p/8x)*/*) which goes as d~*. Here d is some 
lattice parameter, which will be taken as the nearest ion-ion distance. In order to retain the concept of 
finite size, hard, ionic spheres a is defined as A(1 — 1/n) where n is the order of the hard-sphere repul- 
sive function and A is a time average type of Madelung constant. Then employing the equilibrium con- 
dition to eliminate in the usual way the proportionality constant in the repulsive force function one ob- 
tains 

Е = —ZB/d + (1 — 2/n) (h1/2m) (3/8x)*/*c/d? (11.31) 


where В = Маей, Z is the valence of the metal, c being the appropriate constant to make c/d? = рї, 
Taking n = 5 to agree with the average Fermi energy and expressing d in Angstrom units, equation 
iii.31 becomes 

—E = ZB/d — 25215/d^1 (1ii.32) 


Table iii.3 shows results obtained by applying equation iii.32 to the monovalent, body-centered-cubic 
metals. Also the value В = 38.3 (electron volt Angstroms) was obtained for the face-centered-cubic 
metals using copper as the prototype, and 45.0 e.v. À for the divalent, hexagonal-closed-packed metals 
using magnesium as the prototype. 

Equation iii.32 agrees within 20 per cent with the observed energies for metals simply by taking B/Z 
88 that for the body-centered-cubic structure as an average value. Therefore it seems reasonable to as- 
sume that the lattice energy E; of a plasma will be given generally approximately by 


—E; = (30Z1*/d)(1 — 0.8/dZ4/*) (11.33) 
This will be true, however, only if minus the lattice energy is larger than КТ. That is, a plasma of 2 


TABLE iii.3: Computep Latics ENERGIES (EQUATION 111.82) oF 
THE ALKALI METALS (В = 29.7) 





4 —Е (са1с.) — E(obs.) 
Metal (Angstroms) (e.v.) (e.v.) 
Li 3.00 7.12 7.06 
Na 3.67 (6.25) 6.25 
K 4.54 5.33 5.19 
ВЬ 4.87 4.85 4.98 
Cs 5.28 4.72 4.69 
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electrons per positive ion once formed will assume a quasi-lattice structure similar to a metal during 
the interval of its existance only if | Е; | > ЕТ. Moreover if the energy computed from equation iii.33 
is lower than that for any other possible state, or within about kT of that of any other possible state, 
the gas will exist as a stable plasma as is probably the situation in stars. This means simply that the 
Saha equation (7.5) should be modified to include the quasi-lattice energy given by equation iii.33 as 
follows: 


log a?/(1 — а) = —(I + E)/2-3RT + 5 log T/2 — 6.46 — log p (111.34) 


At the density of the products of detonation of condensed explosives — E; from equation 11.33, as- 
suming one free electron per atoms is about 10 e.v. thus giving an effective ionization potential (J + Е.) 
of the order of kT because — E; = I. Hence, this model together with the arguments given in Chapter 7 
and in this appendix that emphasize the importance of excessive orbital pulsations in ejecting electrons 
from atoms, provide a satisfactory explanation for the formation of the plasma as the most conservative 
transition state in going from the original explosive to the products of detonation, the average total 
energy of which is Q + I + E; lower than the plasma or transition-state energy. 

The average density in the plasma ejected into a gas from а condensed explosive, e.g., that shown in 
Figure 7.6, during the interval of its existence, is probably more than one per cent of that in the reac- 
tion zone of the condensed explosive. Therefore its lattice energy should be more than about 5 kT or 
2 e.v. It is possible moreover that the tremendous light emission observed in plasma is associated with 
the rapid electron circulation, or cryscapade, corresponding to radiation in non-quantum orbits. That is, 
the kinetic energy of the cryscapade would cause the electrons to radiate because they circulate in non- 
quantum states. Thus this model not only accounts for the phenomenal cohesion of the plasma despite 
the great thermal agitation but also for its tremendous luminosity and prolonged existence. Regarding 
the strong cohesive properties illustrated in the photographs of Figure 7.6, note that this plasma not 
only holds together, but it retains its shape remarkably well over a period of about 30 usec (8 frames at 
4 usec/frame). Indeed the shape of the plasma was not only remarkably constant for some time after it 
emerged from the beaker but also resembled, not fortuitously after all, the theoretical shape of the det- 
onation head from which it originated. 


Plasma and Universal Gravitation 


С! js dimensionally charge/mass and is 2.58- 107* e.s.u. per gram. That it may actually be electro- 
Static charge per gram thus offers itself as an explanation of gravity. But this naive interpretation has 
been avoided because of the formidable problems incurred by the apparently complete nonpolarity of 
gravity and the absence of a satisfactory mechanism for the accumulation of the required amount of 
charge on one body, e.g., 1.54.1034 e.s.u. for the earth and 5.16- 10?? e.s.u. for the sun. On the other hand 
there are several reasons to believe that gravity is actually of electrical and magnetic origin. Let us sum- 
marize several of these reasons: 

(1) Experimental evidence shows that the earth is being continually and uniformly bombarded by 
cosmic radiation at a rate evidently in excess of 10!5 cosmic-ray particles per second. Moreover, the 
primaries of cosmic radiation are apparently almost entirely positive ions.? As a matter of fact our mag- 
netic field is such as to permit penetration by charges only of e/m = 10!* e.s.u./gram or less. Therefore 
electrons would need to have relativistic masses of around 3-10? m, to penetrate the earth's magnetic 
field. While this is well within the energy range of cosmic radiation, at least many times more positives 
than negatives should be and evidently are able to penetrate into the earth’s atmosphere. But at a 
minimum of 1015 elementary positive charges per second or about 10% e.s.u. per second for the whole 
earth the charge on the earth would increase at a rate of at least 10’ e.s.u. per year. 

(2) The magnetic moment of the earth has the value required by а circulating charge distribution 
corresponding to the charge G'/?M¢ distributed approximately uniformly throughout the earth’, i.e., 


ue = его he/2M ec (111.35) 


where ee is G!*Me , ue the earth's magnetic moment, he the mechanical moment of the earth and c the 
velocity of light. This relationship was first noticed by P. M. S. Blackett!* and applies also to the sun 
and other stars. 

(3) In reference 1 the author presented a general unification concept which seems to show that the 
same fundamental laws apply in celestial as in atomic and molecular (and probably also nuclear) sys- 
tems. Moreover it was there shown that gravity is intimately related to the radiation from the central 
body. The most important correlation bearing out this intimate relation to atomic systems is the ob- 
served coupling between orbital and spin states brought out in reference 1. 

(4) It is possible to take a large sample of the matter on the earth, namely that comprising the at- 
mosphere, or 5.27 -10?! grams, and show that it contains, within a factor of 300,the required electri- 
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cal charge, namely about 1.36.1018 e.s.u. Thus, if we treat the atmosphere as a concentric-sphere con- 
densor with the base of the atmosphere or the lithosphere as the inner sphere, the charge g on the 
atmosphere is found to be 


"9 — 
а = СУ = nn/(n — т) Í (dV/dr)dr = 4.4.107 (dV /dr) (111.36) 
71 


Experimentally (dV /dr) amounts to about 0.6 to 3.17 volts/cm (positive vertically upward во that 4 is 
positive) near the earth’s surface. The average value is required to be 3.1 volts/cm in order that СМ = 
q which is in excellent accord with the observed atmospheric potential gradient. 

(5) There is a tremendous accretion process going on in the solar system that amounts evidently to 
about 10'? grams of micrometeorites on the earth each year (Whipple).* Assuming a ratio of more than 
one thousand to one for the gaseous material (Н, He, CO; , H:O, etc.) compared with solids in the ac- 
cretion process as indicated by relative abundance data, there may be about 3.108 grams/sec total ac- 
cretion on the earth. This is, at least within an order of magnitude, the amount of accretion necessary 
to maintain a constant e/m (e.g., G!/?) on the earth against the observed cosmic radiation accumulation 
of charge. 

(6) If the earth's mass increase due to accretion were 3-10* grams/sec., one might expect the sun's 
accretion to amount to 3:105-4s72 ,/xr$ = 1018 grams/sec. assuming that the earth merely intercepts 
that portion of the (probably) spherically distributed total mass flux to the sun corresponding to the 
cross-sectional area of the earth. There is an approximate check on this total flux in the conditions exist- 
ing in the chromosphere of the sun. This may be shown as follows: 

The electron density at the top of the sun’s chromosphere is about 2:10" /сс which is therefore also 
approximately the positive charge density. If matter were undergoing effectively free fall into the sun, 
its velocity would be (GM /r,)!/* = 4.107 cm/sec. This velocity corresponds, through the relation 14 
mv? = 34 КТ, toa temperature of about 2.107 °K fora gas of average molecular weight unity. This agrees 
approximately with the temperature of the solar corona as evidenced by the appearance of charged 
atoms, e.g., iron, chromium, nickel, with charges of +13 to +16 in it. Hence the accretion on the sun 
may be as much as пот но (4x72) = 2-10"-1.7-10-* 4.5.107 4r- (7-101)? = 1018 g/sec. in agreement with 
the above earth-sampling result. 

It is of interest that this kinetic energy of accretion is 15 mv? = &.10!8.2.10!5 = 1033 ergs/sec. which 
is about the known solar constant, namely 2-10?! ergs/sec. Apparently one thus has a likely explanation 
for the solar constant that need not include, or is at least approximately of the same relative importance 
аз, the H — He reaction via the carbon-nitrogen cycle that is supposed to be taking place in the core 
of the sun. 

(7) In stars, galactic nuclei (and a postulated supergalactic center) the average kinetic energy of 
any body should be approximately the negative of the gravitational energy GM?/à where d is the mean 
distance from any element of mass to the center of the system. Therefore 


T = GM3/N-k-à (111.87) 


From this assumption the following are approximate values of the quantities іп equation 111.37 for three 
bodies of great interest to us (based on an average atomic weight of 0.5). 


Body M (grams) N (cm) Тек) 
вип 2.1033 2.107 4.10: ~2-10? 
effective galactic nucleus ~3- 104 ~10% ~10"8 ~10" 
effective supergalactic nucleus ~105 1080 71021-1015 7101-1015 


Based on the above facts together with the quasi-lattice model of plasma outlined above, let us now 
present the following plasma model of gravitation: 

Celestial bodies are positively charge particles existing as (positive) lattices meshed in tremendous 
multi-electron lattices (or cryscapades) in which the circulating electron lattices exist between and 
among the positive ions, i.e., in interplanetary, interstellar and intergalactic space, exactly as electrons 
in metals and plasma exist in the free space between the positive-ion lattice. 

The charging of celestial bodies positively is easily understood and computed in terms (1) of the ion- 
cut-off characteristics of the powerful magnetic fields of celestial bodies and (2) of the binding energy 
of plasma for positive ions. First consider the selective absorption of an excess of positive ions by celes- 
tial bodies on the one hand and an excess of electrons by interplanetary, interstellar and intergalactic 
space on the other. 

In order to understand why more positives than electrons are able to penetrate the magnetic field of 
bodies such as the sun and the earth one need simply realize that the cut-off energy is of the order of & 
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billion electron volts even for the earth and, of course, greater for the sun and other luminous stars. 
To have such large energies, positive ions need to have relativistic masses actually not much greater than 
their rest masses, however, velocities always at least approaching closely the velocity of light. But it 
would be necessary for electrons to have relativistic masses more than 10! times greater than their rest 
mass in order to penetrate the magnetic fields even of planets to say nothing of stars and galaxies. It is 
instructive to consider the radii of circular orbits of nuclei and electrons moving as satellites of the earth 
and sun in or near the eclyptic plane. From the equation 


Моз/т = evH 1/c (iii.38) 


and realizing that the component of magnetic field H 1 perpendicular to the velocity vector falls off as 
the cube of the distance, one obtains 


r/ro = (eHoro/Mct8)! 2 (11.39) 


where the sero subscript designates the value at the surface of the body in question and В = v/c. Equa- 
tion iii.39 gives for protons and other completely-striped ions r/re = 10 ø": for the earth, 
and r/r, = 10? 87!/? for the sun. But for electrons r/re = 400 87!/* for the earth, and r/r, = 4.10% 8-1/3 
for the sun. These are therefore the closest distances of approach for ions and electrons of external 
origin. Note that the earth's magnetic field at 60 earth radii (the moon-earth distance) about balances 
the sun's magnetic field at one AU (the earth-sun distance). This means that penetrating positive par- 
ticles of 0.8 « 8 « 1.0 originating outside the earth-moon system would orbit finally about the earth in 
an orbit inside the moon's orbit, but electrons in this range of energies would be so far out from the earth 
that they would be governed strictly by the sun's magnetic field. Likewise protons originating outside 
the solar system and finally orbiting around the sun at 0.8 « 8 « 1.0 would orbit the sun inside the sun's 
asteroid system but electrons would orbit only outside the asteroid-ring system. These conditions seem 
to define the limits of the earth and the sun as пис] placing the minor planets in a different category 
than the major planets. That is, the major planeta in this respect would be little sisters to the sun whereas 
the minor plantes would be daughters. 

Now for electron-positron pair formation the photon energy is 10* e.v. This corresponds to a tem- 
perature of about 101° °K. Therefore the galactic nucleus should be able to emit large quantities of elec- 
trons-positron pairs, in fact even more than photons, because the spectral displacement law (the Wein 
law) would have the wave length of maximum intensity for emission from the galactic center at less than 
the Compton wave length for this electron-positron pair. By decay and rearrangement the main radiation 
from the center of our galaxy might therefore be expected to be simply protons and electrons or H-atoms 
of initial kinetic energy about 10-6 ergs per particle. These would have slowed down, by gravitational 
attraction to the galactic center, to about 10? cm/sec at 3. 1033 cm (30,000 1.y.) from the center of radia- 
tion. This is approximately the observed velocity of hydrogen in our region of interstellar space. There- 
fore it seems reasonable to assume that the observed hydrogen in interstellar space is really predom- 
inantly that emitted as soft cosmic radiation from the galactic center. Moreover, from the high-energy 
tail of the Stephan-Boltzmann radiation from the galactic center one should except to find in our region 
of space hydrogen atoms or ions (soft cosmic rays) of velocity near the velocity of light, i.e., with ener- 
gies perhaps 10! to 10* times greater than the average of the Stephan-Boltsmann spectral distribution 
radiated from the galactic center. 

The existence of a supergalaxy now a quite definate reality, would lead one to look for & supergalactic 
nucleus of effective diameter comparable to the diameter of the supergalaxy's satellites, namely the 
galaxies, ог 10% to 10% cm. The supergalaxy would be the final one because in the system-within-the- 
system concept any system is in general, i.e., within a factor of about 10, about 10* times greater in 
diameter than its satellites. But at 10 cm the red shifts go to zero, hence all radiation either from the 
supergalactic nucleus or one of its satellites not intercepted by а primary, secondary, tertiary, etc., 
satellite would be returned, by space-curvature, to the gigantic nucleus. Now at the tremendous tem- 
perature of the supergalactic nucleus (~10!? °K) the peak of the radiation distribution would have ап 
energy hy of about 10!! e.v. with an upper limit radiation, corresponding again to the high-frequency tail 
of the Stephan-Boltzmann distribution, around 10!! e.v. This is approximately the observed upper-limit 
energy of cosmic radiation and this model for cosmic radiation is therefore consistent with observations 
and predicts that the source of the cosmic rays of highest energy is the supergalactic nucleus which is 
emitting simply in accord with the well-established Stephan-Boltzmann radiation law. 

Next, applying the concept of the plasma let us compute the charge on a celestial body. À plasma has 
an energy well of depth given (for an overall uncharged plasma) by equation iii.33. This means that the 
plasma can absorb positive ions until the increase in energy due to repulsion, i.e., the energy CV1/2 of 
the charged condensor (q = CV), exactly balances the energy of the plasma providing one sprays the 
plasma oondensor with positive charge. (Actually cosmic radiation is doing just this as far as the earth 
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and presumably all other bodies are concerned). The earth as a plasma (it is a good conductor and there- 
fore metallic, or a plasma, as far as the macroscopic earth is concerned) should therefore be able to ab- 
sorb positive charge until the energy increase caused by this charge is 


CV3/2 = g3/2C = М: | Е, | (111.40) 
and the charge is 
q = QC-N: | Ё, |) (11.41) 


For a chemical (or solid) plasma of the nature of the earth | E; | amounts to around 10-1 ergs per posi- 
tive ion. Also assuming an average atomic weight of 30, Ne = 10%. Furthermore, Ce = re = 6.4.108 
em. Therefore, ge = (2-6-10*-10%-10-!)!/2 = 10% e.s.u. This agrees almost precisely with G!3Me and 
definately, it would seem, identifies G!* with charge per unit mass. Note also that for the earth 


| Е; | = GM3/2a-N; 


the condition МКТ = GM*/24 give somewhat (possibly 3 times) too large a кирише evidently be- 
cause the binding energy is largely chemical. 

One may likewise compute the (positive) charge on the sun from equation iii.41, i.e., from the equa- 
tion 


CV1/2 = GM*/2a = Ф/2С = 4/24 
ог 
а = Gay (11.42) 


However, one finds that | E; |, must be about 500 e.v. for the sun. This is consistent with the composi- 
tion of the sun and the fact that practically all of the orbital electrons of the atoms up toabout Z = 13 
to 15 should have been stripped at the thermal environment of the sun, and therefore are plasma elec- 
trons. For example, one needs less than 2 per cent of the sun to be atoms of atomic number 15 or greater 
to account for this plasma energy. 

It is important to realize in this model that net universal attraction despite an excess of positive 
charge on a body is associated with the energy well of the plasma and ideal, metallic (or plasmatic) 
polarization, i.e., an effectively infinite dielectric constant. In fact the increased energy CV?/2 is exactly 
balanced by the decreased energy due to the interaction of the charge 4 with the negative charge of 
interplanetary electrons bonding the celestial particle in the celestial lattice. Indeed, owing to excellent 
conduction in the plasma each particle-on-a-particle is held to the system, despite the local positive 
excess by the familiar image force with a strength determined simply by the binding energy of elemen- 
tary ions for the plasma, as determined by the energy well. 


Universal Plasma Development 


As noted above the supergalactic nucleus should emit at a maximum intensity in the energy range of 
about 10'* e.v. per photon. At this frequency, which is above the Compton wave length for neutrons, the 
photons should decay in their (relativistic) half-life cycle to matter itself, i.e., possibly first to neutrons 
(if the photon is not identically а neutron to start with), a-particles, etc. and the electrons all probably 
initially, as they leave the nucleus, in charge balance. Ап electron excess then becomes trapped in the 
space between the supergalactic nucleus and its satellites by the magnetic fields of the galaxies, leaving 
therefore an excess of negative charge in this space and an equal positive excess, owing to the greater 
penetration of the positives, in all of the galaxies combined. Under conditions where the positives and 
negatives can recombine to neutral atoms in the free space between the galaxies the neutrals can then 
accrete into the galaxies without being hindered by magnetic fields. Evidently neutral accretion must 
take place universally at a fixed ratio to the charge accretion in order to maintain the gravitational con- 
stant. The penetrating positive excess thus adds charge to the galaxies leaving ап equal amount of ех- 
cess negative charge in the space between the galaxies and supergalactic nucleus, providing the chemical 
binding energy of the galaxy to its positive supergalactic nucleus. This same process is repeated between 
a galactic nucleus and its satellites; by emission followed by decay to charged particles, a positive ex- 
cess of which is able to penetrate the galactic satellites, the constellations, galactic clusters and the 
stars of the galaxy also become positively charged. Moreover, the excess negative charge remaining be- 
hind, owing to the inability of all but а relatively few of them compared with the positives to penetrate 
the satellites, add to the negative-excess intergalactic charge. The hard cosmic rays of the primary proc- 
ess each produce, of course, a large number of high energy, positive and negative secondaries. Thus these 
secondary charges again become separated to some extent (about one part in 10!) within the galaxies 
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by the tremendous dynamo-action of the rotating magnetic fields of the stars and clusters of stars of the 
galaxy, and the greater penetrating power of the high-energy tail of the positives of this softer cosmic 
radiation. One should realize that this process repeats itself again between the stars and their planets 
by soft cosmic radiation from the star itself, and again between the planets and their satellites by cos- 
mic-ray ‘“‘star’’ formation inside the system. This latter process is the predominant one and occurs in 
all systems. That is, cosmic-ray ‘“‘star” (or explosion) processes occurring inside any given system will 
be subject to the same dynamo-action of the rotating magnetic moment of the bodies of the system as 
between the supergalaxy and the galaxy described above, irrespective of the order or size of the system. 
This dynamo-action thus serves to produce a positive excess on all massive bodies and a negative excess 
throughout all space, extragalactic, intergalactic, interstellar and interplanatory. 


Chemical Binding in Plasma 


А remarkable feature of the plasma interpreted by the quasi-lattice model is that it provides a means, 
under high internal temperatures and high density, for realizing chemical-binding energies far in excess 
of that in the strongest chemical bonds in our terrestrial environment, e.g., as in CO, ЇЧ; , diamond, 
platinum, etc. For instance, it was indicated that the chemical or plasma binding energy in the sun may 
be about 500 e.v. per atom. This concept is simply that when the nuclei of a plasma are sufficiently close 
together, and the temperature high enough to remove by ionization many or all of the electrons of atoms 
that are ordinary core electrons comprising the positive-lattice ions at low temperatures, the chemical- 
binding energy then becomes comparable to 2 J; , where z is the total number of electrons per atom 
removed by ionization and moving in the quasi-lattice of the plasma, and 7; is the ionization potential 
of the ith electron. 

This seemingly quite plausible property of plasma thus offers a simple explanation for the high- 
density dwarf stars. That is, if а body were comprised largely of high atomic weight nuclei, e.g., atoms 
of 16 electrons or more, and had an internal temperature of say 10*, about 16 electrons per positive ion 
would be plasma electrons, and the binding energy would then be tremendously greater than in a plasma 
with only one or two electrons per positive ion. At such a large binding energy the density would be 
comparably large. 

This feature of the quasi-lattice model of the plasma also offers a plausible explanation of the tre- 
mendous binding energy of nuclei if one also postulates a new realm of elementary particles, e.g., of size 
as much smaller than a nucleus as the stars, constellations, and clusters of stars are smaller than a 
galaxy. А proton might then be regarded as а plasma comprising а tremendous number of more elemen- 
tary particles (e.g., Frenkel's ‘“‘N-particles’’)? with а positive excess of 4.77 -10-/ e.s.u. per galaxy, and а 
neutron as a plasma with no charge excess. Realizing that the proton with its large positive excess is 
& stable plasma, one also realizes that the combination of two such plasma one with the maximum possi- 
ble positive excess and the other with no positive excess, e.g., the proton and the neutron, would com- 
bine to form a plasma of a still deeper energy well simply because it is more massive. The tremendous 
log of new, strange particles that are known to comprise atomic nuclei is strongly suggestive of extremely 
minute, nuclear galazies with characteristic minute galactic clusters, globular clusters, constellations, 

tars and planets held together in extremely tight, high temperature plasma. 
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ethylene formation in detonation, 387 
ethyl alcohol formation in detonation, 387 
Euler’s theorem, 410 
exact formulation of equations for products of 
detonation, 379-386 
expansion coefficient, 207 
ezperience factor, 274 
explosion of solids in high velocity impact, 217- 
221, 259-262 
explosion state properties, 134, 305-316 
of dynamites, 306 
of LOX. 315 
of TNT, 306 
pressure, 265, 270 
temperature, 41, 134, 306-310, 315 
explosive classification, 1, 4 
explosive deflagration, 1, 172, 183-205 
explosion magnitudes, 8 
explosive factors in shaped charges, 228-244 
explosive generated EM waves, 159-163 
explosive wave guide, 31 
explosive В and 8, 58, 59 
extensive properties, 274 
external enthalpy, 78-79 
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“extra” dynaraite, 10 
Eyring surface-erosion model, 127 
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factors in plaster cracking, 258 
“Faraday Shutter", 23, 27 
magneto-optic effect, 27 
fast caps, 24, 350 
“Fastax’’, 329 
Fermi energy, 208 
Fermi-Thomas statistical model, 208 
ferrosilicon, 4 
FGAN, 14 
figure-of-insensitiveness (F.I.), 179 
film, 27 
final state in work integral, 265 
fine-coarse TNT, 54-56 
first-order decomposition, 132, 177 
fivonite, 45 
fizz stage in propellant ignition and burning, 204 
flame coolant, 15 
flame stage in propellant ignition and burning, 204 
flash-across, 87-89 
flashbomb, 27 
flash radiography, 35, 97 
flat wave, 91, 95 
flow lines in *'slug", 248 
fluctuating orbitals, 408-411 
foam stage in propellant ignition and burning, 204 
formaldehyde in detonation, 295-300, 387 
formation of detonation waves, 183-194 
formic acid in detonation, 295-300, 387 
fraction of reaction in detonation, 70-73 
fracturing in lucite, 347-349 
fracturing in metals, 341-347 
fracturing oil, gas strata, 280 
fracturing rock, 339-341 
framing camera, 23 
Frank-Kamenetskii relations, 39 
free carbon, calculations for, 390 
free electrons and mechanism of detonation, 164- 
166 
and "spike" theory, 164-166 
in flames, 143 
free electrons in detonation wave, 143-171 
“free-surface velocity”, 81, 111-116 
free-volume equations of state, 63 
freezing-point depressants for NG, 9 
frequency of ground wave, 335, 337, 371 
dominant, 37, 367 
of blast waves, 367 
fuel oil, 4, 7, 10, 14, 59, 140, 312 
fugacity calculations of products of detonation, 
397-407 
fugacity factor F, 62, 381 
fulminate cap, 8, 16 
fulminate-chlorate mixtures, 16 
“fumes’’, 283-320 
classification, 283 
in Bichel gauge, 283 
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in Crawshaw gauge, 283 
in Trauzl block, 283, 310 
fuzes and fuses, 16, 18 
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gas-bubble oscillations, 37 
gas-well shooting, 281 
gaseous explosives, 46 
gelatins, 8, 306, 308 
ammonia, or ‘‘extra’’, 10, 308, 309 
available energy of, 270 
straight, 8, 10, 306 
**Gelex"', 12 
gelignite, 9 
geometrical expansion of wave front, 99 
geometrical model, 123, 125-141, 147-148, 243 
geometry in shaped charges, 230-233 
glass-plate interrupter (see also SPHF), 85-88, 188 
grain burning, 126-128 
grenade, 20 
“grid” framing, 23, 27 
**Grisoutetrylite", 10 
“Grisoudynamit’’, 10 
grit sensitiveness, 180-182 
initiation, 181 
ground shock, 335-341, 357-360, 370-375 
induced, 371, 372, 374 
S-waves, 372 
SS-waves, 372 
guhr dynamite, 9 
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half-cartridge sensitiveness, 194 
Halite (see EDNA) 
“hard” orbitals, 64 
HBS, 18, 47 
heat balance in initiation, 40, 260 
heat conduction in detonation, 69, 78-79, 83-88, 
164-166, 170 
heat pulse, 59, 83-89, 164-106, 170 
heat of activation (see activation energy) 
heat of formation, 404—405 
heat transfer coefficient, 222 
heating of ‘‘slug’’, 247-250 
“heaving action", 141, 275-278, 314 
helicoidal or spinning detonation, 44, 59, 143 
“high” explosive, 2, 5 
high-order detonation, 52, 55 
high-speed photography, 22 
high-velocity impact, 216-221, 252-264 
hole springing, 280 
hollowed charge, 226 
“hook” detonation trace, 56 
hop-skip-jump in air blast, 361 
“hot spots”, 41, 87, 178-183 
adiabatic decomposition in, 178-183 
formation of, 39, 180 
grit and, 179 
ignition time lag in, 180-183 
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in impact sensitivity, 39 interruptor, wave, 83-89 
reaction rate in, 181 “inverse”? method, 63, 287 
Hugoniot curve, 62, 70 inversions 


energy, 71 
hydrodynamic theory, 2, 32, 44, 61-68 
derivation of, 61-68, 287-289, 379-381 
of explosive-inert mixtures, 211-213 
of jet formation, 244-245 
of target penetration, 252-264 
hydrazine mononitrate, 177 
hydrodynamic velocity (see ideal velocity) 
hydrogen-oxygen mixtures, 46, 72, 96, 150-153, 
198, 201-205 
hydrox, 15 


IBM methods, 383-386 
ideal detonation, 44-48 
in gases, 44—46 
velocity of, 44—48 
with inert additives, 211-213 
ideal gas law in detonation, 45 
ideal heat capacities, 398-406 
ignition, 2 
ignition of propellants by detonating gases, 197- 
205 


ignition time lag, 198-199, 201, 203 
ignitor, 3 
image-converter photography, 23, 27 
image-converter spectrograph, 38 
image-dissector photography, 23, 27 
image-orthicon spectrograph, 38 
impact initiation, 38, 178-183 
impact sensitivity, 38-39, 178-183 
Bureau of Mines method, 333 
Picatinny method, 333 
impulse-charge length relations, 95, 98 
impulse in detonation of head of gases, 96 
impulse of air blast waves, 326 
of underwater shock waves, 327 
index of damage, 359 
index of ignition, 198 
induced magnetic fields, 159 
induction lag in Al reaction, 304-305 
induction period, 84 
inert additives, influence of, 103, 211-213 
vs. radius of curvature, 103 
vs. velocity, 211-213 
influence of electrical fields on velocity, 143 
of magnetic field on velocity, 143 
initial state in work integral, 265 
initiation, 2, 38-41, 172, 178, 183-205, 331-335 
initiation by under-water shock, 331-335 
initiation time lag by under-water shock, 352 
intensive properties, 274 
intensity of blast waves, 326, 353-378 
fntermediate-order detonation, 54-56 
internal energy, 64 
internal pressure, 63 
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sound speed, 361-364 
temperature, 361-364, 370 
ionization in detonation, 143-171 
correlation of, with reaction zone, 146-149 
in inert solids, 153-156 
influence of d on, 147 
influence of L on, 147 
measurements of, 144-153 
v8. luminosity, 150 
ionization in shocks, 29, 153-150 
ionization zone in detonation wave, 153-159 
isomers of NG, 10 
isothermal decomposition, 39, 131-133, 173-178 
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jet penetration, 216, 252-264 
velocity, 252-255 
velocity-mass retations, 250-252 
jet perforators, 258 
jet tappers, 259 
jets 
discrete particle, 218, 254, 257 
fast, 218 
hard rock drilling with, 259 
in secondary rock breakage, 257 
kinetic energy of, 257 
liquid, 253 
momentum of, 257 
radiographs of, 245, 253 
jets with composition B, 251 
jets with TNT, 245, 251 
Jones’ a, 66 
Jones’ equation of state, 65, 66 
“Judson dope’’, 8 
“jump” conditions, 72-77 
“jump” conditions with thermal conduction, 79 
jumping detonation, 58, 59, 318 
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Kerr cell camera, 23, 27, 28 

kinetic enthalpy, 78 
Kirkwood-Wood theory, 125 
kieselguhr, 9 

КТ), 392-397 

Krakatoa ‘“‘steam” explosion, 1, 268 
KWB equation of state, 62 
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Lagrangian, 96 

Langweiler wave, 91 

large diameter blasting, 14 

largest accidental explosions, 7 

largest commercial explosions, 4 

lateral flow, 255 

lateral loss, 97, 123 

lateral rarefaction wave, 91, 97, 105, 123, 128 
lead azide, 4, 45, 179, 181, 284 
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lead block method, 34, 98 

lead nitrate, 33, 119, 132, 133 

lead styphnate, 4, 179, 181 

lead, vaporization of, by jets, 218 

Lennard-Jones-Devenshire equation of state, 64 

light intensity, 28 

light source, 27 

limiting radius of curvature of wave front, 99-105 

limiting range of damage, 353-360 

linear expansion coefficient, 207 

lined cavity effect, 217, 227, 244-259 

liner (collapsing) contour, 244, 247 

liquid explosives, 87-89, 138-140, 190-194 

loaded anchor, 333 

loading density, 268, 275 

local pulverization, 335, 338-341, 350 

long-range wave propagation, 337, 360-375 

loudness, 360-365 

low density ‘‘dope’’, 12 

low density TNT, “spike” in, 82 

“low” explosives, 2 

low freezing NG, 10 

low-order detonation, 50-59 

LOX, 5, 14, 315 

lucite fracture under shock loading, 349 

luminosity, correlation with ionization, 150 
in reaction zone, 38, 150, 158 

lump-coal explosives, 15 
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machined charges, 42 

magnetic fields generated by explosives, 159 

magnetic focusing, 27, 28 

"major" damage range, 353, 360 

mass-loading, 230-232 

mass of detonation head, 91, 116-121, 230-232, 257 

mass, conservation of, 61 

mass transfer, 140-142 

mass vs. ‘тее surface velocity”, 116-120 

mass vs. plate velocity, 116-120 

maximum available energy, 36 

maximum effective charge length, 98, 99, 101, 128, 
228 

maximum effective confinement, 99, 235 

mean free path, 149 

mechanical! efficiency, 268 

mechanical explosives, 1, 288 

mechanics of metal fracturing, 341-347 

mechanics of rock fracturing, 339-341 

mercury fulminate, 4, 8, 16, 45, 179, 181, 284 

metallic wave guide, 31 

metal mining, 5 

metal nitrates, 4 

metastable detonation, 51-59 

meteor erosion (ablation), 221-224 

meteors, 218, 221-224 

meteorological factors in air blast, 360-364 

methy] alcohol in detonation, 295-300, 386 

Meyer flow in nozzle theory, 124 

microwave chronometry, 31-32 
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military explosives, 4, 5, 17 

millisecond-delay blasting, 350-352 

miniature charge, 41 

minimum entropy in detonation, 67-68 
“minor” damage range, 353, 360 

mixtures, reaction rate in, 127, 235-244 
momentum-length relations in jets, 98, 245, 251 
*"Monobels"', 10 

mononitrotoluene, 4 

Morse curve, 419 

mudcapping, 278 

mud medium, 278 

multicomponent mixtures, reaction rates of, 127 
Munroe effect, 226 
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NaCl, ionization from shock in, 156 
shock waves in, 155 
velocity of, -explosive mixtures, 214 
necking process in slug, 247-250 
NENO, 45 
Newman effect, 226 
Newton's law, 172 
NG (see nitroglycerine) 
measurement of T's and 7; in, 38 
NG-EGDN mixtures, 10 
“Nitramex’’, 11 
*Nitramon", 4, 7, 11 
nitrated sugar, 10 
nitric acid-nitrobenzene-water, 138, 158, 190-194 
nitrobenzene, 15 
nitrocellulose, 9 
nitrocotton, 4 
nitroglycerine, 4, 8, 9, 45, 51, 284 
isomers of, 10 
nitroguanidine, 45 
nitromannite, 4, 45, 284 
nitromethane, 87, 138, 192-194 
nitrostarch, 4, 15, 309 
“‘Nobel’s safety powder”, 9 
noncoulombic constraint virial, 166-170, 408-420 
nonideal detonation, 48-59, 123-133, 235-244 
in gases, 75-77 
velocity of, 48, 49, 128-132 
non-NG, high-AN explosives, 10, 14, 54-59, 312- 
315, 316-321 
non-equilibrium generation of electrons, 166-170 
non-reactive shock, 84, 140 
novae energy, 7 
nozzle theory, 123-124, 128-133, 147, 243 
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O.B., 9, 269, 271 

O.B. vs. strength, 271 

obliteration of initial air shock wave, 322-324 
**O-cracks'', 340 

oil-well shooting, 13, 280 

optical systems, 23 

order function, 72 

order of reaction, 71-74 
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over-driven shock wave, 153 

over-pressure, 96, 258 

oxides of Al, 301, 399 

oxygen balance, 9 

oxygen reaction with paper wrapper, 310-317 
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Pack, Evans and James equation of state, 206, 215 
paraffin, 4 
particle jets, 218, 257 
particle motion, 96 
particle size effects, 47-49, 102, 126-128, 129-130, 
146, 237-244 
and radius of curvature, 102-104 
and velocity, 47-49, 129-130 
particle velocity, 32, 33, 80 
particle velocity in electrical fields, 143-144 
Pauli “exclusion principle" in solids, 209 
peak pressure in detonation wave of gases, 96 
peak pressure of air blast wave, 326-327 
at long range, 327 
of underwater wave in TNT, tetryl and pento- 
lite, 328 
penetration, and nozzle and curved front theories, 
242 
penetration, 217, 236-240, 252-264 
and reaction rate, 235-244 
by single particle projectiles, 259 
by shaped charges with nonideal explosives, 
236-240 
calibration curves in, 34, 236-240 
classical theory of, 252-264 
hydrodynamic theory of, 262-264 
of ideal explosives, 34, 237 
vs. pressure, 34, 239, 240 
with copper liners, 34, 240 
with steel liners, 239 
penthrite-Al mixture, 304 
pentolite, 45, 236, 247, 314, 333 
perchlorate explosives, 14 
permissibles, 5, 10, 15, 141 
permitted explosives, 10 
perpendicular electrical and magnetic fields, 143 
PETN, 4, 12, 16, 18, 39, 45, 66, 67, 130, 133, 135, 
146, 147, 177, 181, 182, 236-240, 284, 295-300, 333 
photomicrographs of slugs, 249 
photomultiplier color pyrometer, 38 
Picatinny Arsenal impact machine, 333 
picric acid, 4, 45 
piezo-electric gauges, 328 
PIG, 179 
pile-up of atmosphere on shock front, 325 
“pinhole camera’’, 23 
pin-oscillograph chronometer, 29-31 
**Piobertsche Gesetz”, 126 
plasma, 111, 112, 138, 158, 191 
plaster damage by air blast, 357 
plastic explosives, 18 
plate (glass and steel) interrupters (see also 
SPHF), 83-89 
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plate velocity, 117 
“Poulter seismic method”’, 338 
power, 271 
precision charges, 42 
precursor reaction, 87, 170, 191 
precursor shock, 58, 59, 87, 170, 191 
pressure, 32-35 
blast hole or borehole, 265-270 
detonation, by shaped charge method, 33, 34, 367 
-distance curves, 83 
explosion, 265, 270 
“spike” theory, 84-89 
pressure-time curves, 133-138, 275 
Primacord, 17 
primary explosives, 4, 181, 284, 323 
dinitrodiazophenol, 4, 181-182 
lead azide, 4, 178-182, 284, 323 
lead styphnate, 4, 284, 323 
LOX as a, 315 
mercury fulminate, 4, 178-182, 284, 323 
NG, EGDN as near, 4, 284 
nitromannite, 4, 284 
primary under-water shock waves, 327-331 
probe methods of ionization determination, 144 
production of explosives in America, 5 
products of detonation, 71, 260, 283-320, 379-420 
exact formulation of, 287-289, 379-418 
fugacity methods in calculation of, 287-289 
influence of density on, 304, 310 
in *inverse" method, 287 
in no free carbon case, 381-383 
of Al explosives, 300-305 
of dynamites, 306-312 
of EDNA, 289-297 
of primary explosives, 283-284 
of SN explosives, 310-312 
of SN + S explosives, 312 
of TNT, 307, 310 
velocity errors and, in inverse method, 294-297 
with free carbon, 390-391 
profiles, density-distance, 91-97 
propagation of detonation 
by influence, 194-197, 331-335, 357 
delay in, by influence, 187-190, 337 
in air, 194-197, 332 
in glass, 188-190 
in steel, 188-189 
of pressure wave, 326 
over large water gaps, 331-335 
velocity of, 44-59 
propane cracking in shock wave, 138 
propellants, 2, 141, 197-205 
chemical factors in initiation of, 197-205 
diffusion in, 141 
double-base, 141, 197-205 
mass transfer in, 140-141 
threshold ignition pressure of, 198 
PRP coating, 12 
protruding pins in initiation of gases, 186 
PSG, 179 
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psychophysiological factors in air blast аппоу- 
ance, 364 
P-2 charge, 216, 251 
p(t) curves, 134-138, 275, 278 
and borehole blasting, 278 
and burden velocity, 275-278 
and heaving action, 276 
p(z) relations in reaction zone, 68-77 
pulsing detonation in AN-fuel oil, 59 
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Q-F curves, 291 

quantum mechanism of pulsations of orbitals, 
408-420 

quarrying, 5, 350 

quartz spring method of isothermal decomposi- 
tion, 41, 174-175 

quenching of plasma, 138 
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p-flat, 91, 94, 95, 97, 122 
radiation, EM, from detonation, 150-164 
“radio noise” from detonation, 159-164 
radiographs, flash, 35, 80, 97 
density measurements by, 35, 80 
of jets, 353 
time resolved, 35, 80 
radius of curvature of wave front, 99-106 
range of damage, 353-360 
by air blast, 360 
by ground shock, 357-360 
Rankine ‘‘pinhole camera", 23 
rapatronic shutter, 23, 27, 28 
rarefaction waves, 91, 105, 115 
rate constants, 132-133, 178, 182 
rate-of-pressure development, 3, 133-138, 275 
rates of reaction of explosives, 68-79, 123-142, 
146-149, 191, 235-243 
“Rayleigh line’’, 68, 80 
R-cracks, 340 
RDX, 4, 16, 18, 65, 146, 147, 179, 181-182, 236-240, 
284, 295-298 
as a base charge, 16 
transients in, 55 
RDX-AN mixtures, 54 
RDX-inert mixtures, 213 
RDX-TNT-AI mixtures, 47, 238, 300-305 
reaction rate in detonation, 123-142, 146-147, 
235-244 
and autocatalysis, 176-178 
from D(d) curves, 123-133 
from direct pressure measurements, 133-138 
from ionization trace, 146-147 
in adiabatic decomposition, 178-183 
in gases, 70-75 
in isothermal decomposition, 174-183 
temperature coefficient of, 131-133 
reaction rate in hot spots, 181 
reaction time, 68-79, 123-142, 146-149, 161, 235-243 
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reaction zone, 70-79, 123-142, 146-149, 191 
and plasma, 157 
effective, 128 
in gases, 70-77 
in liquids, 138-140, 157 
in solids, 77-78, 123-142, 146-149, 235-243 
ionization in, 146-149 
length of, 123-142, 146-148, 235-244 
thermal conductivity in, 78-80, 89, 164—166, 170 
receptor charge, 189 
recrystallization in slug, 247-250 
red fumes from AN, 312 
red reaction in NM, 87 
reformation of detonation, 187-194 
release wave (see lateral rarefaction wave) 
resistivity in detonation wave, 146, 151 
resolution, 23, 28 
resonance and damage by ground and air blast, 374 
retonation waves in gases, 183-187 
reversible adiabatic expansion, 265 
rock and metal fragmentation, 337-347 
“Rockmaster” blasting, 17, 350-352 
rotating-drum camera, 23 
rotating-mirror cameras, 22-27 
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Safety record, 5-7 
“safety powder", 9 
Saha equation, 166 
salt in explosives, 83, 214 
secondary explosives, 1 
secondary penetration, 253 
secondary rock breakage, 279 
seismic prospecting, 338-339 
seismic waves, 337, 360-365, 370-375 
amplitude of, 337, 359 
frequency of, 337, 373 
signal-to-noise ratio in, 339 
self-consistant solution in Z-N-D theory, 80 
self-heating, 173, 181 
semi-gelatins, 12 
sensitiveness, 194-197 
air gap, 194-197 
standard test of, 194 
underwater, 195, 331-335 
sensitivity, 38-41, 178-193, 194-197 
air gap, 194-197, 332 
heat, 39-41, 174 
impact, 38, 178-183, 194-197, 333 
under-water, 331-335 
Shaped charges, 34, 216-221, 226-252 
shattering action (see also brisance), 34 
sheathed explosives, 15 
shock interactions and deflagration to detonation 
transition, 183—187 
shock loading of metals, 341-347 
axial-tensile fracturing in, 345 
corner fracturing in, 343 
release-of-load fracturing in, 344 
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shear fracturing in, 346 
tensile fracturing in, 341-343 
shock waves, 213-216, 322-375 
decay of, 326-328 
entropy change in, 66-68, 213-216 
in air, 322-326, 332, 361-370 
in ground, 337-341, 357-360, 370-375 
in solids, 155, 334, 335, 341-352 
in lucite, 349 
ionization in, 153-158 
pressure in, 326-327 
reflection from, 31 
stability of, 213 
surface effects of under-water, 328-329 
under-water, 327-335 
von Neumann criterion of stability of, 214 
Shock Pass-Heat Filter (SPHF), 83-89, 187-194 
sinusoidal velocity fluctuation in AN-fuel oil, 59 
sixonite, 45 i 
slug, 247-250 
slurries, 316-321 
small diameter blasting, 12 
smear correction, 138 
sodatol, 101, 107, 109, 131, 132, 133, 237, 238, 239 
sodium carbonate formation in detonation, 310- 
311, 389 
sodium chloride, 101, 103, 214 
sodium nitrate, 4, 8, 109, 131-133, 237—239, 306-312 
sodium nitrate dope, 8, 15, 270, 306-312 
solids, inert, in explosives, 103, 211-213 
explosion of inert, 217-219, 259-263 
sound speed inversions, 360-364 
space catalysis, 51 
spall dome method for strength, 37 
specific reaction rate constant, 71, 126, 132, 133, 
178, 182 
spectrograph, time-resolved, 29 
spherical wave front, 99-106 
“spike” in Composition B, 81 
“spike” in low density TNT, 82 
“spike” theory, 68-77, 80 
spinning detonation, 44, 59, 143 
“springing” shot hole, 280 
Sprengel explosives, 14 
square charges, 35 
SS-waves, S-waves, induced ground waves, 372 
stability of shock waves, 213 
steady-state blast contours, 106-111 
steady-state detonation head, 92, 94, 121 
steady-state reaction zone, 68-77, 105, 123-142, 
146-149, 235-243 
steady-state theory of jet penetration, 252-255 
steam explosion, 1 
straight dynamites, 8, 9, 195, 306, 308 
gelatins, 9, 270, 306, 308 
“streak” camera, 22-27 
strength, 36-37, 265-270, 271 
calculation of, 265-270, 379-407 
from ballistic mortar, 271-273 
from trauzl block 271-272 
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striations in luminosity, 97 

sugar, ionization in, by shock wave, 154, 156 

sulfur, 4, 8, 312, 389 

supernovae energy, 7 

surd anomaly in Z-N-D theory, 70 

surface-burning model, 125-128 

surface burning of meteors, 221-224 

surface energy in rock, 351 

surface (Eyring) erosion model, 125-128 

sympathetic detonation, 98, 194-197, 331-335 

synchronizers, 73 

synchronous ground shock induced by air blast, 
372, 374 


T 


target penetration, 217, 352-364 
Taylor wave, 92-93, 123 
TDBP wave, 92-93, 96, 123 
TE, TM modes in explosives as dielectric wave 
guides, 31 
temperature coefficient of reaction rate, 131-133, 
173-178, 181, 182 
temperature of detonation (see detonation tem- 
perature) 
in various equations of state, 63, 297 
maximum, in the spike reaction zone, 74 
temperature of ‘“‘explosion’’ (see explosion tem- 
perature) 
tensile and compressive strength, 339-341 
tetryl 4, 18, 45, 52-54, 106, 129, 133, 145-148, 198, 
236 
tetrytol, 18, 45, 195, 237, 239 
Texas City explosion, 2, 7 
thermal conductivity (see heat pulse) 
thermal decomposition, 39, 125-128, 172-183 
thermal effects of shock waves, 213-216 
thermal expansion, 207-209 
thermal initiation, 39, 172-205 
thermochemistry of detonation, 379—407 
thermodynamic equation of state, 66 
thermo-hydrodynamic theory, 44, 61-68 
threshold ignition pressure, 197-203 
threshold velocity for vaporization of solids, 260- 
263 
time lag in initiation by heat, 39, 174, 181, 188-190 
by shock, 188-190 
in adiabatic explosion, 174, 181 
in hot spots, 181 
time of reaction, 68-79, 123-142, 146-149, 191, 235- 
243 
TNT, 4, 7, 11, 15, 45, 54-57, 93, 106, 128-136, 146, 
147, 148, 177, 178, 179, 214, 236-239, 269, 286, 
306, 310, 316-319, 323 
decaying detonation in, 57 
detonation properties of, 286 
explosive properties of, 310 
light bomb, 27 
reaction rate in coarse, 109, 110, 130, 147, 238 
resistance measurements in, 146 
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as strength standard, 36 
transients in detonation of, 54-57 
TNT-inert mixtures, 214 
tols, 18 
“Torpex’’, 18 
traces of ionization, 145, 154 
transfer of mass, 140 
transients in wave propagation, 50-59, 128, 140, 318 
Trauzl block, 36, 271-272, 283 
"triangular region"', 94, 97 
tritonal, 47, 48, 58, 106, 238, 303 
two-thirds-order law, 127 
typical ground shock trace, 371, 374 
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ultra-high-speed color photography, 22-27 

ultra-high-speed particles, 217-221, 259-263 

unconfined blasts, 7 

under-water explosions, 327-329 

under-water sensitivity, 331—335 

under-water shock waves, 327-329 

under-water strength methods, 37, 328 

uniformity and sensitivity in AN-fuel oil mixtures, 
312 

unlined cavity effect, 227 

unstable detonation waves, 50-59 
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*'vaporific effect” (вее impact explosions) 
vaporization of solids by jets, 217, 259-263 
velocity, 22-32, 44-59 

velocity-density curves, 45-50 
velocity-diameter curves, 47-49 
velocity-mass relations of jets, 250-252 
velocity of ground waves, 337 

velocity of jets, 250-252 

velocity transients, 50-59, 128, 140, 318 
velocity vs. charge length, 52, 54-59, 128 
velocity ув. particle size, 47-49, 128-130 
vibrations and electronic state pulsations, 408-420 
vibrations in blasting, 335, 350 

virial theorem, 207, 408 
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